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Summary 
The unique interplay of the brain, the spinal cord, composing the central nervous system 
(CNS), and the peripheral nervous system is crucial for the integration of sensory information 
and for the generation of appropriate motor output. If this interplay is interrupted by a lesion, 
it has dramatic consequences for the individual and causes impairment below and at the level 
of the injury. To get an estimate of the incidence of spinal cord disorders, between 8 and 83 
individuals per million individuals will suffer from traumatic spinal cord injury (SCI) each year. 
In cervical spondylotic myelopathy (CSM) that causes cervical cord damage, the incidence has 
not been reported. However, it will increase in context of the aging population. 
Next to the devastating consequences of spinal cord disorders in impairment of normal body 
function, neurodegeneration and reorganization is triggered that both may compete with 
each other. Non-invasive imaging techniques provide the opportunity to investigate these 
changes in the CNS. Most studies have focused on neurodegeneration using structural 
magnetic resonance imaging (MRI) which revealed atrophic changes (i.e. volume loss) 
predominantly in the sensorimotor system in chronic SCI. Advanced quantitative imaging 
techniques now enable the investigation of the underlying ultra-structure and are more 
specific to the pathophysiological processes (e.g. axonal degeneration, demyelination, iron 
accumulation).  
Based on the literature, the aim of this thesis was therefore to investigate the temporal 
pattern and magnitude of neurodegeneration and reorganization in the CNS above the level 
of injury and to probe its capacity for neuroplasticity to enhance neurological and functional 
outcome during rehabilitation using standard and advanced imaging techniques in spinal cord 
disorders. 
In the first study, we assessed the temporal and spatial trajectory of remote spinal and 
supraspinal atrophy and the underlying ultra-structure within the sensory system following 
acute traumatic SCI during one year follow-up. We demonstrated progressive atrophy in 
cervical cord and brain that was paralleled by reduction in myelin content and thus 
emphasizing that atrophy is related to changes in the underlying ultra-structure. The 
widespread degeneration and its extent in the sensory system resembled the one seen in the 
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motor system. Crucially, sensory outcomes at one year were related to the extent of 
progressive atrophy and integrity of the ultra-structure.  
In the second study, we assessed more specifically neurodegeneration in brainstem pathways 
and nuclei in chronic SCI. The oldest motor command (e.g. rubrospinal system) and integrating 
systems (e.g. periaqueductal gray) of the brainstem are still understudied in humans, but play 
a crucial role in recovery of motor function in rodents and non-human primates. We observed 
atrophy in the major brainstem pathways and widespread myelin loss in areas of brainstem 
nuclei. This indicates the higher sensitivity of measures  that are closer related to the 
underlying pathology. Interestingly, we found myelin loss within the periaqueductal gray that 
is involved in the endogenous pain inhibition system. Crucially, the magnitude of myelin loss 
in the periaqueductal gray was related to spinothalamic dysfunction. No alterations were 
found in the rubrospinal system and thus emphasize the diminished role in human motor 
function compared to rodents and non-human primates.  
In our third study, we investigated the effects of neurorehabil itation on performance and 
neuroplasticity within the CNS. Recovery after SCI is supported by intensive 
neurorehabilitation programs that are pivotal to improve patients’ independence and quality 
of life. Whether performance improvements relate to adaption of compensatory movement 
strategies or to the brain’s capacity for neuroplasticity, remains unknown. For the first time, 
we could identify performance improvement-induced volume increases within the brain and 
brainstem due to virtual-reality augmented training of the lower extremities in SCI. We 
provide evidence that neurorehabilitation is effective to engage the CNS, that neuroplasticity 
can be induced next to areas of atrophy, and that the underlying mechanisms are either 
recovery from neurodegeneration or reorganization of healthy neuronal networks. 
In the last study, we aimed to investigate the consequences of CSM to the macro- and 
microstructure above the level of compression. We identified spinal cord gray and white 
matter atrophy and alterations in the microstructure of the corticospinal tracts and posterior 
columns in patients with CSM. The identified changes resembled those seen in traumatic SCI. 
Crucially, spinal cord pathology related to posterior column dysfunction and impaired 
functional independence. Despite minor motor dysfunction, corticospinal integrity was 
altered and thus is promising to identify early and subclinical signs of cord pathology.  
Summary 
 
Neurodegeneration and Reorganization in Spinal Cord Disorders   7 
In summary, we were able to show progressive and widespread neurodegeneration in the 
spinal cord, brainstem, and brain remote to the level of injury using state-of-the-art 
computational neuroanatomy. The application of quantitative MRI readouts is clinically 
feasible and allows us to investigate pathological mechanisms with higher specificity in-vivo. 
Thus, quantitative imaging may improve clinical trial designs and provide targetable outcome 
measures for pharmacological and neuro-rehabilitative interventions that aim to attenuate 
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Zusammenfassung 
Das einzigartige Zusammenspiel des Gehirns und Rückenmarks, welche das 
Zentralnervensystem (ZNS) ausmachen, und des peripheren Nervensystems ist wichtig für die 
Integration sensorischer Informationen und der Generierung optimaler Bewegungsabläufe. 
Wird dieses Zusammenspiel jedoch durch eine Läsion unterbrochen, hat dies schwerwiegende 
Konsequenzen für den Einzelnen und verursacht unter anderem Beeinträchtigungen auf der 
Höhe und unterhalb der Läsion. Jährlich erleiden zwischen 8 bis 83 Personen pro Million 
Menschen eine traumatische Rückenmarkverletzung. Die Inzidenz für zervikale 
spondylotische Myelopathien, welche das zervikale Rückenmark schädigen, ist unbekannt. Sie 
wird aber in Einbezug des Alterns der Bevölkerung ansteigen. 
Neben den direkten Folgen einer Rückenmarkverletzung findet Neurodegeneration und 
Reorganisation im ZNS statt, welche gegebenenfalls miteinander konkurrieren können. Nicht-
invasive bildgebende Verfahren bieten heute die Möglichkeit diese Veränderungen im ZNS zu 
untersuchen. Die meisten Studien haben mittels struktureller Magnetresonanztomographie 
(MRT) Atrophie (d.h. Volumenverlust) im sensomotorischen System nach einer chronischen 
Rückenmarkverletzung festgestellt. Moderne und quantitative bildgebende Verfahren bieten 
heutzutage die Möglichkeit an, Veränderungen in der Ultrastruktur zu untersuchen und sind 
somit spezifischer für pathophysiologische Prozesse (z.B. axonale Degeneration, 
Demyelinisierung, Anreicherung von Eisen).  
Das Ziel dieser Doktorarbeit war es, basierend auf der aktuellen Literatur, das zeitliche Muster 
und Ausmass degenerativer Veränderungen und Reorganisation oberhalb der Läsion und den 
Effekt von Neuroplastizität bei der Wiederherstellung neurologischer und funktioneller 
Körperfunktionen im ZNS nach einer Rückenmarkverletzung mittels standardmässiger und 
fortgeschrittener bildgebender Verfahren zu untersuchen.  
In der ersten Studie untersuchten wir die zeitliche und räumliche Trajektorie spinaler und 
supraspinaler Atrophie und die zugrundeliegende Ultrastruktur (d.h. Gehalt von Myelin) 
innerhalb des sensorischen Systems nach einer akuten traumatischen Rückenmarkverletzung 
im Verlauf des ersten Jahres. Wir konnten bei Patienten mit einer Rückenmarkverletzung 
fortschreitende Atrophie im zervikalen Rückenmark und im sensorischen System des Gehirns 
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feststellen, welche mit einer Reduktion von Myelin einherging. Diese weitläufigen 
Veränderungen gleichen denjenigen, die im motorischen System festgestellt wurden. Die 
sensorische Funktion ein Jahr nach der Verletzung wiederspiegelte sich im Ausmass der 
fortschreitenden Atrophie und der Integrität der Ultrastruktur. 
In der zweiten Studie untersuchten wir die neurodegenerativen Veränderungen der 
Hirnstammbahnen und Hirnstammkerne bei Patienten mit einer chronischen 
Rückenmarkverletzung. Die ältesten motorischen (z.B. rubrospinales System) und 
integrierenden Steuerungssysteme (z.B. periaquäduktales Grau) des Hirnstamms und deren 
Rolle für die Erholung nach einer Rückenmarkverletzung sind im Menschen kaum untersucht, 
spielen aber eine wichtige Rolle in der Erholung bei Nagetieren und nicht-menschlichen 
Primaten. Wir stellten Atrophie in den grossen Hirnstammbahnen und einen weitläufigen 
Verlust von Myelin in den Hirnstammkernen fest. Dies zeigt die höhere Sensitivität für 
Messmethoden, die näher bei der zugrunde liegenden Pathologie sind. Interessanterweise 
haben wir eine Abnahme von Myelin im periaquäduktalem Grau entdeckt, welche ein Teil des 
endogenen Schmerzunterdrückungssystems ist. Das Ausmass des Myelinverlustes geht mit 
der Dysfunktion des spinothalamischen Traktes einher. Keine Veränderung wurde im 
rubrospinalen System entdeckt. Dies unterstreicht somit die eher marginale Rolle der 
Hirnstammbahnen bei der motorischen Funktion beim Menschen.  
In der dritten Studie untersuchten wir den Effekt von Neurorehabilitation auf die 
Leistungsverbesserung und Neuroplastizität im ZNS. Die Genesung von Patienten nach einer 
Rückenmarkverletzung wird durch intensive Neurorehabilitation unterstützt und ist zentral 
für die Verbesserung der Eigenständigkeit und Lebensqualität. Ob Verbesserungen betreffend 
der Leistung auf die Entwicklung kompensatorischer Bewegungsmuster oder die 
Neuroplastizität des Gehirns zurückzuführen sind, ist unbekannt. In dieser Pilotstudie konnten 
wir zum ersten Mal die direkten Folgen des virtuell verstärken Gangtrainings im ZNS aufzeigen. 
Die Volumenveränderungen im Gehirn gingen mit der Verbesserung der Leistung, welche 
durch die Neurorehabilitation erreicht wurde, einher. Somit zeigen wir, dass 
Neurorehabilitation effektiv das ZNS stimulieren kann, dass Neuroplastizität auch in Gebieten 
mit Atrophie induziert wird, und dass dies auf der Erholung des neuronalen Gewebes nach 
degenerativen Veränderungen und/oder auf die Reorganisation von gesunden neuronalen 
Netzwerken zurückzuführen ist. 
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In der letzten Studie untersuchten wir die Folgen einer zervikalen spondylotischen 
Myelopathie auf die Makro- und Mikrostruktur des Rückenmarks oberhalb der Stenose. In 
dieser Studie stellten wir Atrophie in der grauen und weissen Substanz und Veränderungen in 
der Mikrostruktur der Kortikospinalbahnen und der Hinterstrangbahnen fest. Diese 
Veränderungen sind sehr ähnlich mit denen nach einer traumatischen Rückenmarkverletzung.  
Interessanterweise steht die Pathologie im Rückenmark mit der Dysfunktion der 
Hinterstrangbahnen und der funktionellen Eigenständigkeit in Bezug. Trotz der minimalen 
motorischen Funktionsstörung war die Integrität der Kortikospinalbahnen deutlich 
vermindert. Dies ist ein vielversprechendes Resultat, da es frühe pathologische 
Veränderungen zeigt, welche klinisch noch asymptomatisch sind. 
Zusammenfassend wurde in dieser Dissertation gezeigt, dass eine fortschreitende und 
weitläufige Neurodegeneration im Rückenmark, Hirnstamm und Gehirn fernab der 
eigentlichen Verletzung stattfindet und mittels hochmoderner neuroanatomischer Methoden 
aufgezeigt werden kann. Die Anwendung von quantitativen MRT-basierten Messparametern 
ist im klinischen Alltag anwendbar und ermöglicht uns, pathologische Veränderungen in-vivo 
mit einer höheren Spezifität zu untersuchen. Somit kann die quantitative Bildgebung klinische 
Studiendesigns verbessern und ‚behandelbare‘ Endpunkte für pharmakologische und 
neurorehabilitative Interventionen bieten, welche neurodegenerative Prozesse mildern und 
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Etiology of spinal cord disorders 
Spinal cord disorders are life-changing conditions that may cause permanent impairment in 
motor control, sensory function, and autonomic regulation of the body with no cure available 
(Dietz and Fouad, 2014). Further long-term consequences of spinal cord injury include 
psychosocial aspects (e.g. life satisfaction) (Post and van Leeuwen, 2012) and economic 
independence (Young and Murphy, 2009). In addition, spinal cord disorders are a significant 
public health issue with a lifetime impact on society allocable to the costs due to 
hospitalization, rehabilitation, and further health challenges in the chronic stages of injury 
(World Health Organization & International Spinal Cord Society, 2013). The spectrum of 
etiologies of cord damage is manifold and is typically classified into traumatic or non-traumatic 
injuries (e.g. tumor or spondylosis). Traumatic spinal cord injury (SCI) is caused by immediate 
damage to the spinal cord and is mainly due to road traffic accidents, sport accidents, falls, or 
assaults (DeVivo, 1997). In contrast, non-traumatic SCIs are frequently caused by spondylosis 
of the spinal column, neoplastic tumors, infections, or vascular and autoimmune disorders 
(Moore and Blumhardt, 1997) and have different time profiles of disease evolution (i.e. from 
acute to chronic stage) and different trajectories of neuronal damage. Consequently, a holistic 
research approach in spinal cord disorders is needed to improve early diagnostics, to develop 
effective treatments, and to guide interventional decision making, that finally helps to 
improve the patient’s quality of life. Due to the heterogeneity of spinal cord disorders and 
underlying mechanisms, the present thesis focused on neurodegeneration and reorganization 
in traumatic SCI and cervical spondylotic myelopathy (CSM) using non-invasive MRI imaging 
techniques.  
Traumatic spinal cord injury 
Traumatic SCI leads to immediate and permanent impairment in motor, sensory, and 
autonomic function below the level of lesion (Zariffa et al., 2011). Prevalence of SCI is 
estimated being between 250 and 906 persons per million inhabitants, whereas the annual 
reported incidence is between 8 and 83 per million inhabitants (Wyndaele and Wyndaele, 
2006; Singh et al., 2014). The mean age at injury is 33 years with 3.8 times higher prevalence 
in male individuals (Wyndaele and Wyndaele, 2006).  
The neurological impairments depend on the lesion level and the severity of disruption of the 
major ascending and descending fiber tracts and can be assessed using the International 
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Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI) (Kirshblum et al., 
2011). Based on the level of the lesion, traumatic SCI can be grouped into tetra- and 
paraplegia. Tetraplegia is caused by a cervical SCI and occurs in a little more than half of all 
patients (Singh et al., 2014) and is followed by sensory and motor loss within the upper and 
lower extremities. Lower lesions at the thoracic and lumbar levels cause paraplegia with loss 
in motor and sensory function in the lower extremities. Based on the lesion severity, SCI can 
be further described by the ASIA impairment scale (AIS) as motor and sensory complete (AIS 
A), motor complete and sensory incomplete (AIS B), motor and sensory incomplete (AIS C -D), 
and full recovery (AIS E) (Kirshblum et al., 2011). In about one-half of all patients, lesions are 
clinically complete (AIS A) (Wyndaele and Wyndaele, 2006) and thus, no motor and sensory 
function below the lesion is preserved. In addition, around 34% of SCI patients develop below-
level neuropathic pain with higher prevalence in tetraplegia (Siddall et al., 2003). 
During rehabilitation and within the first year after injury, patients show greatest recovery 
that levels off over time (Fawcett et al., 2007). Functional and neurological recovery is more 
prominent in incomplete than in complete lesions due to spared neuronal fibers (Raineteau 
and Schwab, 2001; Curt et al., 2008). Functional recovery can be achieved by developing 
compensatory strategies for activities of daily living (Curt et al., 2008; Kalsi-Ryan et al., 2014) 
and by reorganization of neuronal circuits. Neuronal plasticity contributes to recovery due to 
reorganization in spared as well as lesioned fiber tracts at the cortical (Raineteau et al., 2002; 
Ghosh et al., 2010; Rosenzweig et al., 2010; Zörner et al., 2014) and spinal level (Bareyre et 
al., 2004; Courtine et al., 2008; Filli and Schwab, 2015). Compensation and reorganization are 
both promoted by neurorehabilitation to achieve better functional outcome (Dietz and Fouad, 
2014). The lesion level and severity have implications on the functional outcome and the 
rehabilitative strategies (Dietz and Curt, 2006). Thus, priorities of recovery are different for 
tetra- and paraplegics and need to be addressed to their specific needs  (Anderson, 2004). In 
tetraplegia, the focus to improve upper-limb function like regaining arm and hand function, 
has the highest clinical value to improve functional independence and quality of life 
(Anderson, 2004). The aim is therefore to maximize functional independence for self-care (e.g. 
feeding, bathing, dressing) and mobility (e.g. wheelchair use, transfers). In paraplegia, upper-
limb function is not impaired and enables these patients to reach a high level of independence. 
Priorities of recovery in paraplegia are therefore sexual function, bladder and bower 
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management, trunk stability, pain management, as well as walking capability (Anderson, 
2004). Activity-based neuroplasticity and lower-limb function can be supported by 
neurorehabilitation such as robot-supported locomotor trainings (Colombo et al., 2001a; 
Vallery et al., 2013) and virtual reality-augmentation (Villiger et al., 2013). 
Cervical spondylotic myelopathy 
Cervical spondylotic myelopathy is one of the most frequent forms of spinal cord disorder 
causing functional impairment and sensory discomfort that leads to reduced independence 
and quality of life (Kalsi-Ryan, Karadimas, et al., 2013). Prevalence and incidence remain 
unknown, mostly because of the unknown onset and the slow progression of spinal cord 
compression being clinically asymptomatic for many years. In 585 consecutively assessed 
patients with non-traumatic spastic para- and tetraparesis, CSM was the most common 
diagnosis (23.6%) (Moore and Blumhardt, 1997). The mean age is approximately 64 years with 
a 2.7 times higher prevalence in men than women (Northover et al., 2012). Considering the 
global ageing, the prevalence may further increase (New et al., 2013). Cervical spondylotic 
myelopathy is a risk factor for development of a central cord syndrome, the most common 
cervical SCI (van Middendorp et al., 2010). Most damage occurs to the central gray matter and 
thus, causes predominantly motor impairment in the upper extremities and varying 
sensorimotor impairment below the level of lesion. Patients with CSM are thus predisposed 
to this condition (van Middendorp et al., 2010; Kalsi-Ryan, Karadimas, et al., 2013). Depending 
on the disease severity and duration, symptoms differ and may include numbness, clumsiness, 
gait impairment, pain, and sphincter dysfunction. Based on the clinical assessment using the 
modified Japanese Orthopedic Association scale (mJOA) (Benzel et al., 1991), CSM can be 
defined as mild, moderate, and severe (Tetreault et al., 2016). In patients with severe stenosis 
and symptoms, decompressive surgery is the therapeutic gold standard to improve neurologic 
and functional outcome, and to hinder disease progression (Holly et al., 2008). In patients with 
less severe stenosis and absent or mild symptoms, conservative management (e.g. 
physiotherapy and pain management) is chosen (Toledano and Bartleson, 2013). Depending 
on the severity and level of paresis, physiotherapy and occupational therapy are applied to 
improve balance, gait training, and upper-limb function in patients after decompression, but 
also in patients with conservative management (i.e. no surgery) (Toledano and Bartleson, 
2013). Due to the compression in the cervical segments and the damage to the central gray, 
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rehabilitation should prioritize the same goals as in tetraplegia (Anderson, 2004; Kalsi-Ryan, 
Singh, et al., 2013).  
Neurodegeneration above the lesion site 
Pathology in traumatic spinal cord injury 
Experimental animal models are used to understand the pathophysiological mechanisms after 
SCI that help us to understand disease progression and reveal treatment targets. So far, animal 
models and post-mortem human specimens provided detailed insights into the molecular and 
cellular mechanisms at the lesion site and remote thereof after traumatic SCI and CSM 
(Fehlings and Skaf, 1998; Kwon, 2004; Karadimas et al., 2014). Traumatic SCI is caused by 
sudden impact of mechanical forces (i.e. flexion/extension, rotation, distraction, compression) 
to the spinal cord and results in the primary lesion of the myelon. This is followed by secondary 
damage to spared tissue through pathophysiological processes such as  inflammation, 
ischemia by disruption of microvasculature and thrombosis, lipid peroxidation by free radicals, 
excitotoxicity, electrolyte imbalance, and cell death through apoptosis and necrosis (Kwon, 
2004). Above the level of lesion, injured ascending axons (e.g. dorsal column) undergo 
Wallerian degeneration that is detectable several segments remote to the lesion as early as 
12 days after injury in human SCI (Buss et al., 2004). This process is accompanied by slow and 
delayed gradual degradation of myelin over years (George and Griffin, 1994; Buss et al., 2004). 
Myelin proteins of the periaxonal membrane are removed first, whereas removal of outer 
myelin membrane proteins is delayed (Buss and Schwab, 2003; Buss et al., 2005). Intact 
neurons lacking presynaptic input (e.g. dorsal column nuclei and thalamus) are prone to 
transneuronal degeneration that results in volumetric atrophy and to a lesser extent to 
neuronal loss (Jones and Pons, 1998; Woods et al., 1999). Above the lesion, damaged 
descending neurons (e.g. corticospinal tract) undergo axonal dieback at the lesion site 
(Kerschensteiner et al., 2005; Freund et al., 2007; Ward et al., 2014). Remote retrograde 
degeneration causes volumetric loss (i.e. atrophy) in cortical (Beaud et al., 2008) and 
subcortical (Kwon et al., 2002; Wannier-Morino et al., 2008) motor regions, and to a lesser 
extent apoptosis (Hains et al., 2003). Chronic progressive demyelination of intact fiber tracts 
is an additional pathophysiological process (Crowe et al., 1997; Totoiu and Keirstead, 2005), 
but there is also evidence for remyelination thereafter (Guest et al., 2005; Powers et al., 2012, 
2013). Less recognized is the fact of long-term brain neuroinflammation that results in chronic 
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microglia activation and changes in chemokine and cytokine levels (Felix et al., 2012; Wu, 
Stoica, et al., 2014; Wu, Zhao, et al., 2014; Faden et al., 2015). Neuronal loss (Wu, Stoica, et 
al., 2014; Wu, Zhao, et al., 2014), alteration in neurogenesis (Felix et al., 2012), and molecular 
dysfunction at the receptor level (Knerlich-Lukoschus et al., 2011) are the consequence of this 
inflammatory response. In addition, these inflammation-induced changes were associated 
with the development of neuropathic pain (Knerlich-Lukoschus et al., 2011).  
Pathology in cervical spondylotic myelopathy 
Chronic progressive narrowing of the spinal canal and compression of the cervical cord in CSM 
is caused by degeneration of the vertebral bodies, intervertebral discs, and ligaments and 
results in mechanic stress (Karadimas et al., 2014). Dynamic factors of mechanical stress by 
repetitive movements of the compressed spinal cord exacerbate disease progression (Fehlings 
and Skaf, 1998; Kalsi-Ryan, Karadimas, et al., 2013; Toledano and Bartleson, 2013). As the 
compression site is mostly located at the vertebra level C5 or C6, most damage is expected to 
the spinal cord at the same level and its vicinity (Northover et al., 2012). Nevertheless, CSM is 
often a multifocal disease caused by degeneration and narrowing of the spinal canal at several 
segments (Northover et al., 2012). At the cellular and molecular level, consequences of 
sustained cord compression comprise the remodeling of microvasculature (Karadimas et al., 
2013) and the distribution of blood supply (Kurokawa et al., 2011; Karadimas et al., 2015), 
both causing ischemia, dysfunction of the blood spinal cord barrier (Karadimas et al., 2013), 
neuroinflammation (Yu et al., 2011; Karadimas et al., 2013), and apoptosis of 
oligodendrocytes and neurons (Yu et al., 2009, 2011). Despite originating focally, the 
consequences of CSM are not restricted to the site of stenosis. Structural and functional 
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Similar and distinct disease patterns in both spinal cord disorders 
As depicted in the previous sections, similarities in terms of clinical representation of 
impairment and certain pathophysiological mechanisms exist between both spinal cord 
disorders. Clinical symptoms of both conditions are represented by motor, sensory, and 
autonomic dysfunction. Typical signs are impairment in upper and lower extremities, loss of 
fine motor control, paresthesia, pain development, and bladder/bowel dysfunction. At the 
time point of diagnosis, the clinical representation is less severe in CSM compared to SCI. 
Nevertheless, CSM is a progressive disease and can lead to paralysis and sensory loss (Kalsi-
Ryan, Karadimas, et al., 2013). The similarities in pathophysiological mechanisms in both 
spinal cord disorders include the mechanical factors of static and dynamic stress  leading to 
ischemia, inflammation, excitotoxicity, and cell death (Fehlings and Skaf, 1998; Kwon, 2004). 
The onset and temporal progression of clinical representation and damage to neuronal and 
non-neuronal tissue is the main distinction between both spinal cord disorders. Thus, research 
in both disorders may be relevant to each other and may enable to create synergies that 
support the development of improved diagnostics and treatment applications. In other words, 
drugs, rehabilitation devices and outcome measures that were developed for one spinal cord 
disorder might be used to treat the other one. This surely improves  the cost-benefit ratio and 
expands treatment options (Freund et al., 2016). For instance, two phase III clinical trials are 
currently investigating the neuroprotective effects of riluzole in SCI (Fehlings et al., 2016) and 
CSM (Michael G. Fehlings et al., 2013). Another example is an upper-limb assessment tool (i.e. 
GRASSP) that was initially developed for tetraplegia (Kalsi-Ryan et al., 2012, 2014) and is now 
suggested as an complementary outcome measure in CSM (Kalsi-Ryan, Singh, et al., 2013). 
Nevertheless, it is important to emphasize the fundamental discrepancy between both 
disorders. In CSM compared to SCI, there is (1) no acute trauma causing immediate damage 
to the spinal cord, (2) a slow progression of the disease being asymptomatic for a long time 
period, and (3) no hemorrhagic necrosis (Karadimas et al., 2014). The key targets to improve 
patient recovery after SCI are (1) neuroprotection (e.g. minocycline, riluzole) after injury to 
preserve neuronal tissue (Casha et al., 2012; Fehlings et al., 2016), (2) stem cell application 
that aims to preserve neuronal tissue and enhance regeneration (Curt, 2012), (3) induction of 
plasticity by facilitating axonal sprouting and growth (e.g. anti-Nogo-A, chondroitinase ABC) 
(Bradbury et al., 2002; Zörner and Schwab, 2010), (4) altering spinal cord excitability by 
neurostimulation (Courtine et al., 2011; Angeli et al., 2014), in combination with (5) goal-
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directed rehabilitation (Dietz, 2002; Dietz and Curt, 2006). In comparison, sensitive diagnostics 
and prognostics combined with early treatment options (e.g. surgery combined with 
neuroprotection) to hinder disease progression (Moon et al., 2014; Karadimas et al., 2015) are 
the key in disease management of CSM. 
Computational neuroanatomy 
Computational morphometry to investigate atrophy and plasticity 
In the early days, MRI entered the clinics as a non-invasive diagnostic imaging technique. 
Nowadays, MRI and computational morphometry (e.g. voxel-based morphometry) are 
establishing themselves more and more in daily routine in clinics and have helped to gain 
insights into sub clinical changes and define diagnosis (Barkhof et al., 2009; Frisoni et al., 2010; 
Huber et al., 2015) (e.g. McDonald diagnostic criteria for multiple sclerosis that have resulted 
in earlier diagnosis with higher specificity and sensitivity (Polman et al., 2011)). 
Neurodegeneration and -plasticity above the level of injury can be assessed non-invasively by 
using computational morphometry. Computational morphometry provides MRI-based 
measures of disease-specific patterns of atrophy (Jurkiewicz et al., 2006; Wrigley, Gustin, et 
al., 2009; Freund et al., 2013) and training- or learning-induced plasticity (Maguire et al., 2000; 
Gaser and Schlaug, 2003a; Draganski et al., 2004; Zatorre et al., 2012). There are several 
principal methods to investigate brain morphometry that include (1) voxel-based 
morphometry (VBM), (2) tensor-based morphometry (TBM), (3) voxel-based cortical thickness 
(VBCT), (4) surface-based morphometry, and (5) deformation-based morphometry 
(Ashburner and Friston, 2004). The first three methods are briefly introduced as they were 
integral to this thesis.  
VBM is a technique to measure structural differences among subjects or populations by 
comparing the local composition of brain tissue types (i.e. gray matter (GM), white matter 
(WM), and cerebrospinal fluid (CSF)) (Ashburner and Friston, 2000). All MRI data have to be 
spatially normalized into the same stereotactic space and segmented into GM, WM, and CSF 
(Ashburner and Friston, 2005). To preserve the total amount locally within each tissue type 
during normalization, tissue types are modulated by adjusting for the relative volume change 
(e.g. when doubling a volume of GM in a specific region, the intensity will be scaled down by 
the factor 2). In general, VBM is used in cross-sectional study designs to assess local volumetric 
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atrophy or plasticity between groups (Maguire et al., 2000; Jurkiewicz et al., 2006). 
Nevertheless, local brain tissue compositions can also be studied using “longitudinal VBM” 
(Draganski et al., 2004).  
Typically, TBM is used in longitudinal settings to assess atrophy or plasticity over time (Freund 
et al., 2013). Tensor-based morphometry is a technique to compare relative volumes locally 
among subjects or populations by comparing the Jacobian determinants that encode relative 
volumetric expansion and contraction due to local stretching and shearing during registration 
(Ashburner and Friston, 2004). The Jacobian determinants are calculated from the 
deformation fields that are estimated during within-subject longitudinal registration of each 
image to the subject-specific midpoint average (Ashburner and Ridgway, 2013). Nevertheless, 
TBM can also be used in cross-sectional studies when deformations from each image to the 
equivalent points of the template are estimated (Lambert, Chowdhury, et al., 2013).  
VBCT provides complementary cortical information about the gray matter thickness (Hutton 
et al., 2008). Following the segmentation of the MRI data into GM, WM, and CSF, the thickness 
between the inner and outer GM border is calculated. VBCT and VBM show concurring results, 
VBCT is, however, more specific to cortical thickness, whereas VBM provides a mixture of 
measures including cortical surface and thickness (Hutton et al., 2009).  
In all morphometric methods, smoothing is applied to account for the inexact nature of spatial 
normalization and inter-subject variability of the CNS, to increase the validity of parametric 
statistical tests by making the data more normally distributed, and to meet the assumption 
for Gaussian Random Field Theory to account for multiple comparisons (Ashburner and 
Friston, 2000, 2004). Mass univariate statistics (e.g. t-tests, analysis of covariance) can then 
be applied to assess within- and between-subject variability at either the voxel-level or at the 
cluster-level. Cluster-level inference was introduced to increase sensitivity by taking the 
spatial extent of brain activity or changes of structure into account and thus lowering the 
number of independent statistical tests (Friston et al., 1994). Therefore, an initial cluster-
defining threshold needs to be defined. It is important to note that an appropriate threshold 
is crucial to control for the family-wise error, otherwise the rate of false positives increases 
dramatically (Eklund et al., 2016). However, the problem of multiple testing needs to be 
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addressed by using Gaussian Random Field Theory (Worsley et al., 1992) or any other valid 
method (e.g. Bonferroni, False Discovery Rate).  
Advanced quantitative MRI to investigate ultra- and microstructure 
The underlying microstructure (e.g. axonal integrity, myelin and iron content) can be assessed 
by quantitative MRI (qMRI). MRI tissue properties (i.e. relaxation times, proton density, 
exchange processes between tissue compartments) can be quantified by qMRI using physical 
models that are unbiased and facilitate multicenter and longitudinal study designs (Weiskopf 
et al., 2013). In the central nervous system, these physical parameters mainly depend on the 
macromolecular (i.e. myelin) and iron content, as brain tissue contrast is mainly reflected by 
these two contributors (Stüber et al., 2014). Correlation models revealed relationships 
between qMRI metrics that describe relaxation and magnetization transfer behavior of 
protons in their microenvironments and tissue properties. Magnetization transfer (MT) was 
related to myelin content (Mottershead et al., 2003; Schmierer et al., 2004; Turati et al., 2015), 
longitudinal relaxation rate (R1) to myelin, water, and iron content (Rooney et al., 2007; 
Stüber et al., 2014; Callaghan et al., 2015; Harkins et al., 2015), and effective transverse 
relaxation rate (R2*) to iron content (Langkammer et al., 2010; Stüber et al., 2014).  
Another quantitative MRI technique is diffusion tensor imaging (DTI) that takes advantage 
from diffusion weighted imaging (Pierpaoli and Basser, 1996) and provides information about 
microstructure including fiber alignment and white matter integrity. DTI indices of fractional 
anisotropy (FA), radial diffusivity (RD), axial diffusivity (AD), and mean diffusivity (MD) can be 
calculated after robust tensor fitting and motion and eddy current artefact correction. FA has 
been related to axonal count and myelin content (Schmierer, Wheeler-Kingshott, et al., 2007; 
Gouw et al., 2008), decreased AD with axonal degeneration (Zhang et al., 2009), and increased 
RD with demyelination (Klawiter et al., 2011). Biophysical modelling of qMRI data will propel 
the field of in-vivo histology MRI (hMRI) yielding biological metrics such as myelin and iron 
density, fiber orientation, and axonal g-ratio that were only accessible by ex-vivo histology 
(Weiskopf et al., 2015). In addition, advanced multi-shell diffusion models such as neurite 
orientation dispersion and density imaging (NODDI) (Zhang et al., 2012) that use different 
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Spinal cord imaging 
Ultra- and microstructural changes are not limited to the brain, but can also be quantified in 
the spinal cord (Wheeler-Kingshott et al., 2014). The same techniques as described above can 
be applied to the spinal cord, but they are technically more challenging. Spinal cord imaging 
is still in its infancy and challenged by the complicated environment of surrounding bone 
structure and air-filled tissue (i.e. lungs), physiological noise of cardiac cycle, flow of 
cerebrospinal fluid and respiration, the small cross-sectional cord dimension, and close-by 
implants stabilizing the spinal canal causing imaging artefacts and signal drop out (Stroman et 
al., 2014). Nevertheless, spinal cord imaging has been applied successfully in SCI and CSM 
(Cohen-Adad et al., 2011; Freund et al., 2013; Martin et al., 2016). In spinal cord disorders, 
advanced MRI techniques show high potential in developing quantitative MRI biomarkers at 
the spinal level. They assess early changes even in asymptomatic subjects in which no 
irreversible damage did occur (e.g. CSM), predict outcome, and may be used as surrogate 
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Neurodegeneration above the lesion revealed by in-vivo computational 
neuroanatomy 
Traumatic spinal cord injury 
Trauma-induced ultra-structural and macroscopic changes due to neurodegeneration were 
investigated after SCI in both the motor and sensory system in the brain (Jurkiewicz et al., 
2006; Wrigley, Gustin, et al., 2009; Gustin et al., 2010; Freund et al., 2013; Mole et al., 2014; 
Jutzeler et al., 2016). Macroscopic decline was already observed within the first 40 days after 
injury in the motor system including the primary motor cortex and corticospinal tract and 
progressed within the first year (Freund et al., 2013). Atrophy was accompanied by ultra-
structural reductions of myelin-sensitive MRI readouts (i.e. MT and R1) in the same areas and 
beyond. This early sensorimotor system atrophy is supported by other studies in chronic 
human SCI within the motor (Wrigley, Gustin, et al., 2009; Freund et al., 2011; Jutzeler et al., 
2016) and sensory system (Jurkiewicz et al., 2006; Mole et al., 2014; Jutzeler et al., 2016). 
Crucially, atrophy was related to neurological and functional impairment (Freund et al., 2013) 
and below-level neuropathic pain (Mole et al., 2014; Jutzeler et al., 2016). 
The spinal cord above the lesion site is vulnerable to neurodegeneration as discussed in the 
previous sections. Assessment of MRI-based spinal cord measures at the level of vertebra 
C2/C3 above the lesion level is widely used in the SCI community (Cohen-Adad et al., 2011; 
Freund et al., 2011, 2013; Lundell et al., 2011; Jutzeler et al., 2016) and has several anatomical 
advantages: (1) CSF space is wide and thus the CSF to cord contrast is maximized, (2) intra-
subject variability is small reducing repositioning errors, (3) disc protrusions are uncommon at 
this site, and (4) the location is accessible by MRI as it is remote to the implants stabilizing the 
lesion site that cause signal dropout (Losseff et al., 1996). Cross-sectional cord area is linearly 
decreasing within the first year of injury (Freund et al., 2013) and is reported to be reduced 
by up to 30% in chronic SCI (Freund et al., 2011; Lundell et al., 2011; Jutzeler et al., 2016). 
These changes are further described by more detailed morphometric shape reductions in the 
anterior-posterior (APW) and left-right width (LRW) (Lundell et al., 2011; Jutzeler et al., 2016). 
At the micro- and ultra-structural level, differences between individuals with SCI and healthy 
controls were detected using diffusion and magnetization transfer imaging techniques  
(Cohen-Adad et al., 2011). Crucially, trauma-induced changes in the spinal cord relate to 
clinical impairment. More atrophy was associated with worse functional independence (i.e. 
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SCIM) at 12 months (Freund et al., 2013) and development of neuropathic pain (Jutzeler et al., 
2016). Morphometric measures of shape changes in APW and LRW correlated with sensory 
and motor scores, respectively, and were in good correspondence with the locations of main 
sensory (i.e. posterior column) and motor tracts (i.e. corticospinal tracts) (Lundell et al., 2011). 
Spinal cord MRI metrics sensitive to micro- and ultra-structure (i.e. diffusion tensor imaging 
(DTI), magnetization transfer ratio (MTR)) in the ventrolateral and dorsal columns were 
related to corresponding clinical impairment of motor and sensory function, respectively 
(Cohen-Adad et al., 2011).  
Cervical spondylotic myelopathy 
Standard clinical MRI, next to presentation of clinical symptoms, is indispensable in the 
diagnosis of CSM (Kalsi-Ryan, Karadimas, et al., 2013) and helps (1) to identify the structural 
causes of CSM, (2) to determine the extent of cord compression and canal compromise 
(Fehlings et al., 1999) and (3) to estimate the impact on neuronal tissue (i.e. signal intensity 
change) (Nouri et al., 2015). These conventional measures are related to impairment and 
postoperative recovery and are used to assist decision making for surgical interventions (Arvin 
et al., 2011, 2013; Nouri et al., 2015), but still remain controversial (Ellingson et al., 2014; 
Karpova et al., 2014). Nevertheless, quantitative MRI methods may be promising to detect 
early changes of cord pathology in asymptomatic and mildly affected patients and therefor 
guide early interventional decision making. Using advanced MRI techniques, DTI and 
tractography at the compression site showed reduced fractional anisotropy (Ellingson et al., 
2014) and increased fiber density (Ellingson et al., 2015) and were related to clinical 
impairment. Furthermore, column-specific degeneration was found in the anterior, posterior, 
and lateral columns using DTI (Cui et al., 2014; Wen, Cui, Mak, et al., 2014). Still, little is known 
about the structural integrity above the level of stenosis. Up to now, only MR spectroscopy 
revealed axonal and neuronal loss and ischemia based on reduced N-acetylaspartat and the 
presence of lactate peaks at this level (Holly et al., 2009). Assessing the spinal cord integrity 
at vertebral level C2 is of interest due to the good CSF to cord contrast and the small intra-
subject variability (Losseff et al., 1996). In addition, this level (1) is rarely compressed and 
therefore its anatomical structure is well preserved and (2) potentially allows measuri ng 
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Diaschisis 
Widespread changes have been observed along the neuroaxis in traumatic SCI and CSM. In 
traumatic SCI, neurodegeneration is evident in the spinal cord above the lesion site (Cohen-
Adad et al., 2011; Freund et al., 2011, 2013; Lundell et al., 2011; Jutzeler et al., 2016) and in 
the brain (Jurkiewicz et al., 2006; Wrigley, Gustin, et al., 2009; Gustin et al., 2010; Freund et 
al., 2013; Mole et al., 2014; Jutzeler et al., 2016). In cervical spondylotic myelopathy, most 
studies have investigated the changes at the lesion site. However, there is evidence for 
neurodegenerative processes remote to the compression site (Holly et al., 2009; Cui et al., 
2014; Wen, Cui, Mak, et al., 2014; Ellingson et al., 2015). These remote changes in SCI and 
CSM are suggestive for antero- and retrograde fiber degeneration (Jones and Pons, 1998; 
Woods et al., 1999; Hains et al., 2003; Buss et al., 2004; Beaud et al., 2008; Ghosh et al., 2012). 
The phenomenon of remote changes in the CNS has been first described in stroke. Functional 
recovery that followed a focal lesion was thought to be the results of remote disruptive effects 
that were wearing off over time (Finger et al., 2004). To describe this phenomenon, Constantin 
von Monakow introduced the term ‘diaschisis’ in 1914. Diaschisis is defined as a remote 
neurophysiological alteration in the CNS due to a lesion (Carrera and Tononi, 2014). This 
definition applies to spinal cord disorders as there is evidence for neurodegeneration above 
the level of lesion in SCI and CSM.  
Potential clinical use of neuroimaging biomarkers  
In spinal cord disorders, translation of scientific discovery from preclinical research to clinical 
trials and finally human application is challenging (Steeves, 2015). Thus, improvements in (1) 
patient stratification and selection (Steeves et al., 2007; Tanadini et al., 2014, 2015) and in (2) 
complementary outcome measures sensitive to subclinical improvements (Steeves et al., 
2007) should be achieved. These gaps may be filled by advances in quantitative MRI and 
computational neuroanatomy (Weiskopf et al., 2015) that are now offering an exciting 
opportunity to develop MRI-based surrogate markers that could be used to improve 
diagnostics, to complement clinical assessments, to guide therapeutic strategies, and to 
predict future outcome (Martin et al., 2016). The development of these promising 
quantitative MRI surrogate markers is supported by a growing community such as the 
Quantitative Imaging Biomarker Alliance (QIBA) which provides a larger framework including 
guidelines and recommendations to assist researchers and regulatory agencies (Kessler et al., 
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2015; Raunig et al., 2015). The potential of surrogate markers, but also their pitfalls, for 
efficient clinical trial designs is also acknowledged by the Food and Drug Administration (FDA) 
(Katz, 2004). MRI-based surrogate markers are widely used in clinical assessments and 
interventional studies in multiple sclerosis (Barkhof et al., 2009) and Alzheimer disease (Frisoni 
et al., 2010). Thus, the development and application of quantitative neuroimaging biomarkers 
seem to be feasible and promising - particularly for efficient clinical trial designs in spinal cord 
disorders (Cadotte and Fehlings, 2013) and in the decision making for surgical interventions in 
asymptomatic or mild CSM (Kalsi-Ryan, Karadimas, et al., 2013).   
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Aims of the thesis 
The overall objective of this thesis was to investigate neurodegeneration and reorganization 
in spinal cord disorders. The following aims were addressed specifically: 
1) Tracking sensory system atrophy and myelin changes in the cord and brain in 
individuals with acute traumatic SCI and how these changes relate to functional 
and neurological impairment (chapter 2) 
2) Investigation of atrophy and myelin changes in brainstem pathways and nuclei in 
individuals with chronic SCI and their relationship to impairment (chapter 3) 
3) Assessment of brain plasticity during intensive virtual-reality augmented lower 
limb neurorehabilitation in individuals with chronic incomplete SCI (chapter 4) 
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Abstract 
Objective: In patients with sub-acute spinal cord injury (SCI), the motor system undergoes  
progressive structural changes rostral to the lesion, which is predictive of motor outcome. The 
extent to which the sensory system is affected and how this relates to sensory outcome is 
uncertain. 
Methods: Changes in the sensory system were prospectively followed by applying a 
comprehensive MRI protocol to fourteen patients with sub-acute traumatic SCI at baseline, 
two months, six months, and twelve months, combined with a full neurological examination 
and comprehensive pain assessment. Eighteen controls underwent the same MRI protocol. 
T1-weighted volumes and myelin-sensitive magnetization transfer saturation (MT) and 
longitudinal relaxation rate (R1) mapping provided data on spinal cord and brain 
morphometry and microstructure. Regression analysis assessed the relationship between MRI 
readouts and sensory outcomes. 
Results: At twelve months from baseline, sensory scores were unchanged and below-level 
neuropathic pain became prominent. Compared with controls, patients showed progressive 
degenerative changes in cervical cord and brain morphometry across the sensory system. At 
twelve months, MT and R1 were reduced in areas of structural decline. Sensory scores at 
twelve months correlated with rate of change in cord area and brain volume and decreased 
MT in the spinal cord at twelve months.  
Interpretation: This study has demonstrated progressive atrophic and microstructural changes 
across the sensory system with a close relation to sensory outcome. Structural MRI protocols  
remote from the site of lesion provide new insights into neuronal degeneration underpinning 
sensory disturbance and have the potential as responsive biomarkers of rehabilitation and 
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Introduction 
Traumatic spinal cord injury (SCI) leads in most incidences to instantaneous loss of sensory 
input below the level of injury and permanent paralysis (Zariffa et al., 2011). No effective 
treatments are currently available, though limited motor and sensory recovery can be 
promoted by intensive rehabilitation with the greatest improvements occurring during the 
first year after injury (Furlan et al., 2011). During this time, disabling sensory discomfort and 
neuropathic pain below the level of lesion frequently develops as a secondary complication in 
SCI patients, severely impacting on patients’ quality of life and functional independence 
(Siddall and Loeser, 2001; Siddall et al., 2003). The underlying mechanisms influencing sensory 
impairment and its outcomes are thought to relate to structural changes including axonal 
degeneration and demyelination (Buss and Schwab, 2003), transneuronal atrophy (Jones and 
Pons, 1998), but also rewiring (Ghosh et al., 2009) and hyper-excitability of neuronal circuits 
(Yague et al., 2011). 
Within the descending motor system, progressive structural changes have been directly linked 
to the recovery of muscle strength and functional independence during the first year following 
SCI (Freund et al., 2013). However, the structural correlates and time course of changes in 
sensory impairment and emergence of neuropathic pain within the injured spinal cord, as well 
as the brain, are less well defined. Cross-sectional studies in chronic SCI have shown that 
sensory impairment  and neuropathic pain below the level of the lesion correlated with 
structural (Miyanji et al., 2007; Wrigley, Gustin, et al., 2009; Gustin et al., 2010; Cohen-Adad 
et al., 2011; Lundell et al., 2011; Mole et al., 2014) and functional changes (Stroman et al., 
2002; Cadotte et al., 2012) within the sensory system. However, such cross-sectional studies 
in chronic SCI do not allow for assessment of the spontaneous evolution of structural and 
functional changes attributable to (i) the acute onset of deafferentation (Jain et al., 2000; 
Aguilar et al., 2010; Chen et al., 2012), (ii) spontaneous partial sensory recovery or (iii) 
relearning of compensatory approaches relevant for activities of daily living (i.e. visual inputs) 
(Villiger et al., 2015). Therefore, there is only limited knowledge about the temporal dynamics 
and specificity of trauma-induced structural changes and their link to the arising sensory 
impairment and outcome and below-level neuropathic pain within the spinal cord, brainstem, 
and brain (Garcia-Larrea and Peyron, 2013). 
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Recent advances in quantitative neuroimaging of the spinal cord and brain provide the 
possibility of monitoring temporal changes of the macro- as well as the microstructure from 
the earliest onset of spinal cord injury (Huber et al., 2015; Weiskopf et al., 2015). In a 
longitudinal prospective design, we used advanced MRI outcome measures to assess the 
spontaneous time course of structural progressive changes within the sensory system above 
the spinal level of the lesion (i.e. cervical cord and brain). We measured cross-sectional spinal 
cord area including both anterior-posterior width (APW) and left-right width (LRW) to provide 
detailed insights into morphometric cord changes (Lundell et al., 2011). At the level of the 
brain, we applied tensor-based morphometry to assess dynamic volumetric changes 
(Ashburner and Ridgway, 2013) and voxel-based quantification of magnetization transfer 
saturation (MT) and longitudinal relaxation rate (R1) maps (Weiskopf et al., 2011) to gain 
information about myelin integrity at twelve months follow-up. We hypothesized that specific 
macro- and microstructural changes appear in the sensory system early after traumatic SCI 
and that volumetric decreases would be associated with the extent of sensory 




Neurodegeneration and Reorganization in Spinal Cord Disorders   31 
Material and Methods 
Subjects and study design 
Fourteen patients with a sub-acute (< 2 months post-injury) traumatic SCI (Table 1) and 18 
healthy control subjects were recruited at the University Hospital Balgrist between July 2010 
and June 2013. All patients fulfilled the following inclusion criteria: Sub-acute (<2 months post-
injury) traumatic SCI without head and brain lesions, no pre-existing neurological, mental or 








Initial site of 
impairment 
(motor/sensory) 
ISNCSCI pinprick ISNCSCI light touch 









1 19 Fa l l Complete A C5/C4 13/13 16/17 12/12 16/17 
2 23 Fa l l Incomplete B C7/C6 18/20 19/18 34/35 35/37 
3 70 Fa l l Incomplete B T10/T10 37/38 NA* 40/38 NA* 
4 75 Fa l l Incomplete D T12/T12 52/50 NA** 56/55 NA** 
5 44 Fa l l Incomplete D T11/T11 56/53 55/51 56/51 55/51 
6 42 Fa l l Complete A C5/C5 10/10 10/8 13/14 9/11 
7 71 Fa l l Incomplete B C7/C8 16/20 22/19 42/43 56/56 
8 20 MVA Complete A C5/C5 10/9 15/11 10/11 29/24 
9 30 MVA Incomplete B C7/C8 17/18 18/19 33/31 35/35 
10 52 Fa l l Incomplete D T9/T9 45/44 45/45 48/47 45/45 
11 42 MVA Incomplete D C5/C4 53/51 56/41 52/52 56/42 
12 29 Fa l l Complete A T11/T11 44/44 38/40 43/43 41/41 
13 70 MVA Complete A T7/T7 28/37 31/37 35/37 31/36 
14 52 MVA Incomplete B C6/C6 19/19 30/14 32/33 33/34 
Table 1: Clinical and behavioral data of 14 patients with sub-acute traumatic spinal cord injury. All patients 
were male, only patient 3 was female. ISNCSCI = International Standards for the Neurological Classification of 
Spinal Cord Injury. MVA = motor vehicle accident. *No sensory testing was performed. ** Patient died. 
 
A comprehensive and detailed clinical protocol and pain questionnaire was performed on 
patients at baseline, two months, six months, and twelve months to assess their sensory and 
motor impairments. This protocol included the International Standards for the Neurological 
Classification of Spinal Cord Injury (ISNCSCI) protocol (Kirshblum et al., 2011) for motor, light 
touch and pinprick score, and the Spinal Cord Independence Measure (SCIM) (Anderson et al., 
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2008). Using the European Multicenter Study about Spinal Cord Injury (EMSCI) pain 
questionnaire (V4.2, http://www.emsci.org/) (Hassanpour et al., 2012; Widerström-Noga et 
al., 2014), we assessed multiple aspects of pain (e.g., onset, duration, maximal  and average 
pain intensity, quality of pain (e.g. nociceptive or neuropathic)) at each time point. To be 
classified as below-level neuropathic pain, ongoing pain had to be located three or more 
segments below the level of lesion. Pain intensity was assessed using an 11-point numeric 
rating scale with “0” indicating no pain to “10” indicating worst pain imaginable pain.  
All participants underwent a comprehensive MRI protocol at the same time points. The 
relationship between SCIM and ISNCSCI motor scores and structural changes have been 
reported previously in a subgroup of the present study cohort (Freund et al., 2013). Informed 
written consent was obtained from all participants before participation. The study protocol 
was in accordance with the Declaration of Helsinki and was approved by the local Ethics 
Committee of Zurich (EK-2010-0271). 
Image acquisition 
Participants were scanned with a 3T Magnetom Verio MRI scanner (Siemens Healthcare, 
Erlangen, Germany) operating with a 16-channel radio-frequency (RF) receive head and neck 
coil and RF body transmit coil. All participants were carefully positioned in the same position 
all the time by the radiographers to obtain high reproducibility across participants and time 
points to exclude any bias related to potential gradient non-linearity over time at the level of 
the spinal cord. 
T1-weighted (T1w) structural whole-brain volumes including the cervical cord to C5 were 
collected at each time point. At twelve months, we acquired additional data using a multi -
parameter mapping (MPM) quantitative MRI (qMRI) protocol (Weiskopf et al., 2011). Data 
collected using this protocol can be used to compute maps of the longitudinal relaxation rate 
(R1)(Rooney et al., 2007) and magnetization transfer saturation (MT) (Helms et al., 2008). 
These metrics are physical MRI parameters, respectively describing the relaxation and 
magnetization transfer behavior of protons within their micro-environments. Both processes 
are enhanced by the presence of macromolecular content, e.g. myelin. As such, they are 
sensitive to tissue microstructure and provide quantitative measures that can be used for 
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multicenter studies and give information about myelin, water, and iron content (Weiskopf et 
al., 2013). All image volumes were checked for artefacts. 
For each subject, a 3D T1w scan (MPRAGE) (Tardif et al., 2009) with 176 partitions was 
acquired at 1 mm isotropic resolution in 9 minutes using the following parameters: field of 
view of 224 x 256 mm2, matrix size of 224 x 256, time of repetition (TR) of 2420 ms, echo time 
(TE) of 4.18 ms, inversion time (TI) of 960 ms, flip angle α=9°, and readout bandwidth of 150 
Hz per pixel. 
The quantitative MPM data were derived from three differently contrast weighted 3D multi -
echo FLASH volumes acquired with 1mm isotropic resolution and a field of view of 240 x 256 
mm2 (matrix size of 240 x 256) with 176 partitions in a total scan time of 23 minutes. To reduce 
the overall acquisition time, parallel imaging with a speed up factor of 2 was used in the phase-
encoding direction (anterior-posterior) using a generalized auto-calibration partially parallel 
acquisition algorithm (GRAPPA). Additionally, a partial Fourier acquisition with a 6/8 sampling 
factor was used in the partition direction (left-right). Predominantly T1-weighting was 
achieved with TR=25 ms and α=23° while PD-weighting was achieved with TR=25 ms and α=4°. 
Magnetization transfer weighting (TR=37 ms, α=9°) was achieved by applying an off-resonance 
RF pulse prior to non-selective excitation. The readout bandwidth was 480 Hz per pixel. Seven 
equidistantly spaced echoes were acquired with TE ranging from 2.46 ms to 17.22 ms for all 
volumes. One additional echo was acquired at 19.68 ms for both the PD-weighted (PDw) and 
T1w volumes. 
Image analysis 
Changes to the macro- and microstructure of the cervical cord 
We investigated remote trauma-induced structural changes within the spinal cord at cervical 
level C2/C3. In addition to the already reported cross-sectional spinal cord area (Freund et al., 
2013), we here assessed its change in the shape , which we parameterized with APW and LRW, 
since reductions in these are related to sensory and motor impairment, respectively (Lundell 
et al., 2011).  
We used JIM 6.0 (Xynapse systems, Aldwincle, UK) to extract 10 contiguous and reformatted 
axial slices of 3 mm at the C2/C3 level from the structural MPRAGE T1w volume. The cross-
sectional cord area was then calculated automatically with an active-surface model (Horsfield 
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et al., 2010). An ellipse was fit to the boundary of this spinal cord area in Matlab (The 
Mathworks Inc., Natick, MA, USA) to extract APW (elliptical short axis) and LRW (elliptical long 
axis). 
To assess changes to the myelin content at the identical cervical cord level, we used in-house 
Matlab scripts based on nearest-neighbor region growing to define the cord volume (stopping 
criterion: 40% drop in parameter value) within the MT map followed by the same ellipse fitting 
procedure. This region of interest for the spinal cord was superimposed on the R1 maps and 
used to extract the mean quantitative parameters from the MT and R1 maps (processing of 
quantitative maps is explained in the next section).  
Changes to the macro- and microstructure of the brain  
We used tensor-based morphometry, implemented in SPM12 (Wellcome Trust Centre for 
Neuroimaging, University College London, London, UK), to investigate dynamic volumetric 
brain changes in patients and controls over time. This was performed with the MPRAGE T1w 
images obtained at baseline, two months, six months, and twelve months. For each 
participant, the four volumes were aligned longitudinally to their midpoint average using 
inverse-consistent 3D non-linear registration (Ashburner and Ridgway, 2013). This generated 
Jacobian determinant maps for each time point, as well as the participant’s average image 
(both in terms of shape and intensity). Unified segmentation was used to segment the average 
image into gray matter, white matter, and cerebrospinal fluid (Ashburner and Friston, 2005). 
The Jacobian determinant maps were transformed to MNI (Montreal Neurological Institute) 
space using deformations derived from the fast diffeomorphic image registration algorithm 
(Dartel) (Ashburner, 2007). The spatially normalized Jacobian maps were finally smoothed 
with an isotropic Gaussian kernel filter with 2 mm full width at half maximum (FWHM). The 
processed data encoded volumetric expansion and compression in each participant (Freund 
et al., 2013).  
We used voxel-based quantification (Draganski et al., 2011; Weiskopf et al., 2011) to 
investigate the cross-sectional differences in myelin integrity between patients and controls 
at twelve months. MT-weighted (MTw), PDw and T1w FLASH volumes were used to calculate 
quantitative parameter maps of MT and R1, which are sensitive to microstructural features of 
the tissue (Weiskopf et al., 2015). While MT maps are primarily sensitive to macromolecular 
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content, most notably myelin (Helms et al., 2008, 2009), R1 maps are additionally sensitive to 
free water content, axon diameter, and iron content (Rooney et al., 2007; Harkins et al., 2015). 
UNICORT was used for bias estimation and correction of RF transmit field inhomogeneity 
effects in the R1 maps (Weiskopf et al., 2011). The MT maps for each participant were 
segmented into gray matter, white matter, and cerebrospinal fluid using unified segmentation 
(Ashburner and Friston, 2005). The transformation to the MNI space was performed using 
Dartel (Ashburner, 2007). Finally, the MT and R1 maps were warped to the MNI space with 
the participant-specific flow fields from the MT maps obtained with Dartel and smoothed with 
an isotropic Gaussian kernel filter with 3 mm FWHM. The VBQ approach was used for this 
normalization process to minimize partial volume effects (Draganski et al., 2011). 
Because we were interested in trauma-induced degeneration in the ascending sensory 
system, we defined specific regions of interest. The subcortical and cortical regions of interest 
were defined as one single ROI encompassing the bilateral anterior cingulate cortex (ACC), 
thalamus, primary (S1) and secondary somatosensory cortex (S2), and insula to include the 
main sensory and pain modulatory structures (Murray and Mishkin, 1984; Ogino et al., 2007; 
Ray et al., 2008; Eippert et al., 2009; Mole et al., 2014) using the anatomy toolbox for SPM 
(Eickhoff et al., 2005). The brainstem and cerebellum were defined as a further region of 
interest using the SUIT toolbox for SPM (Diedrichsen, 2006). Regions were chosen according 
to whether they contain/receive ascending sensory pathways (Jahn et al., 2008; Moulton et 
al., 2010; Benarroch, 2013; Tattersall et al., 2014).  
Statistical analysis 
Stata 13 (StataCorp LP, Texas, USA) was used for statistical analysis of all non-brain data. We 
estimated the rates of change of clinical impairments in patients  with linear regression 
models, with time as predictor. To accommodate non-linear recovery, time was modelled on 
a logarithmic scale. We assessed the rate of change of the spinal cord parameters using linear 
regressions in all participants. A group indicator, group x time, and time x time interaction 
were included in the regression model to compare the rates of change and to accommodate 
quadratic effects. Age, sex and their interaction with time were used to diminish any 
confounding (linear) effects. Two-sample t-tests were used to assess MT and R1 differences 
between patients and controls in the spinal cord at twelve months.  
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Linear regression models in SPM12 were used to assess longitudinal brain volume changes in 
gray and white matter, and the microstructure at twelve months, in the defined regions of 
interest. The analyses included a group indicator and time. Age was treated as a covariate of 
no-interest. Statistical parametric maps were initially thresholded with an uncorrected voxel 
threshold of p=0.001. To account for multiple testing only clusters surpassing a corrected 
cluster threshold of p=0.05 FWE- corrected based on Gaussian Random Field Theory were 
considered as significant (unless otherwise stated for peak-voxel) (Friston et al., 1994) and 
reported in the Results. One-tailed t-tests with a significance threshold of p<0.05 were used 
in each voxel of interest to test for decreases in patients and to compare the integrity of myelin 
between controls and patients, using the 12 month MT and R1 data. To ensure that each voxel 
was analyzed only once either in the GM or WM segments, explicit masks for each subspace 
were generated by assigning each voxel with a probability greater than 20% to the tissue class 
with the highest probability (Callaghan et al., 2014). After characterizing the average group 
effects, we explored regional structural correlates of sensory function. We used linear 
regression models to examine associations between the individual MRI-derived metrics (e.g. 
spinal cord and brain metrics) as predictors and clinical outcomes at twelve months in patients 
as dependent variables. Age and lesion-level were modelled as confounds. Only significant 
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Results 
Fourteen patients with sub-acute traumatic spinal cord injury (13 men and one woman), with 
a mean age of 45.6 years (SD 20.0), and 18 healthy participants (12 men and six women), with 
a mean age of 34.1 years (SD 9.5) were enrolled in this study (Table 1). There was no 
statistically significant difference between the mean ages in the two groups (Mann-Whitney-
U-Test p=0.138). Eight patients suffered from a tetraplegia (three with a complete lesion) and 
six from paraplegia (two with a complete lesion) according to the ISNCSCI classification.  
The mean interval from the time of injury to the baseline scan was 45.93 days (SD 18.38), to 
the second scan 96.64 days (38.09), to the third scan 209.46 days (59.14), and to the last scan 
380.54 days (109.32). In total, 122 datasets were included, of which 32 were acquired at 
baseline, 29 at two months, 31 at six months and 30 at twelve months. Thus 95.3% of planned 
assessments were accomplished. 
Besides the improvements in ISNCSCI motor score and SCIM score (as reported for this patient 
cohort earlier (Freund et al., 2013)), patients did not recover on the ISNCSCI pinprick (increase 
of 0.046 per log month, p=0.967) and ISNCSCI light touch (increase of 1.439 per log month, 
p=0.324) score. Neuropathic pain below the lesion emerged in six patients and their pain 
intensity increased over time on the EMSCI pain questionnaire (mean pain intensity increased 




Neurodegeneration and Reorganization in Spinal Cord Disorders   38 
Changes to the macro- and microstructure of the cervical cord 
In addition to progressive decrease in overall cord area at C2/C3 above the lesion level in 
patients (Freund et al., 2013), we found spatially specific dynamic shape changes of the APW 
and LRW at the identical level (Figure 1A and B) between patients and controls (p<0.001). In 
patients, the decrease of the APW was 0.022 mm per month (95% CI -0.041 to -0.003, p=0.023) 
and LRW decreased by 0.034 mm per month (95% CI -0.059 to -0.010, p=0.005). In controls  
the cord metrics did not change over time (p=0.238 for cord area, p=0.136 for APW, p=0.412 
for LRW). In patients, the rate of decrease was similar between the APW and LRW (p=0.520). 
At the cervical cord level at twelve months, myelin-sensitive MT and R1 were reduced in 
patients (MT: 2.65 %, CI 2.40-2.90 %, p=0.003; R1: 0.848 s -1, CI 0.769-0.926 s-1, p=0.012) 
compared to controls (MT: 3.08 %, CI 3.00-3.16 %; R1: 0.968 s-1 CI 0.916-1.020 s-1) by 14.96% 
and 12.41%, respectively (Figure 1C and D).  
 
Figure 1: Longitudinal shape and cross-sectional microstructural changes of the spinal cord above the lesion 
level at C2/C3. (A) Shrinkage of the anterior-posterior width (APW) in patients  compared to controls. (B) 
Shrinkage of the left-right width (LRW) in patients. No change was detected in controls. Vertical error bars show 
standard error (SE) for change in APW and LRW and horizontal error bars show SE for scan intervals. (C&D) 
Reduction of mean R1 and MT respectively at cervical C2/C3 level in patients compared to controls. Note that 
the results from the cross-sectional cord area change has been reported previously (Freund et al., 2013) and are 
shown only for i l lustrative purposes. 
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Changes to the macro- and microstructure in the brain 
Progressive focal brain volume decreases of up to 3% in the right thalamus (x: 20, y: -35, z:2, 
z-score 4.20, p=0.037, cluster extent=287; x:2, y:-5, z:8, z-score 3.82, p=0.019, cluster 
extent=358) , left thalamus (x:-20, y:-30, z=9, z-score 3.98, p<0.001, cluster extent=1324), right 
ACC (x:17, y:30, z:3, z-score 3.89, p=0.003, cluster extent=586), left ACC (x:-15, y:28, z:-1, z-
score 3.62, p=0.010, cluster extent=432), left insula (x:-38, y:-24, z:17, z-score 3.85, p<0.001, 
cluster extent=1028), left S2 (x:-54, y:7, z:5, z-score 4.09, p<0.001, cluster extent=842), and 
pons (x:2, y: -39, z:-31, z-score 4.62, p<0.001, cluster extent=926) developed over time in 
patients compared to controls (Figure 2). 
 
Figure 2: Longitudinal volumetric decreases in subcortical and brainstem gray and white matter shown by 
tensor-based morphometry. (A) Overlay of statistical parametric maps (uncorrected p<0.001, for i l lustrative 
purposes) showing volumetric decreases in gray and white matter. The color bar indicates the t-score. (B) 
Il lustration of progressive volumetric changes relative to baseline extracted from selected areas of interest. 
Vertical error bars show SE for volumetric change in selected area of interest and horizontal error bars show SE 
for scan intervals. 
Chapter 2 
 
Neurodegeneration and Reorganization in Spinal Cord Disorders   40 
At twelve months, myelin-sensitive R1 was reduced in the thalamus by up to 19% (x: 0, y:-26, 
z:-3, z-score 4.10, p<0.001, cluster extent=959). R1 was also reduced by 20% in the left (x:9, 
y:-45, z:-30, z score 4.39, p<0.001, cluster extent=1940) and by 17% in the right cerebellum (x: 
2, y:-53, z:-14, z score 4.31, p<0.001, cluster extent=3124). The latter cluster is extending into 
the brainstem (e.g. medulla oblongata, pons, and midbrain). Myelin-sensitive MT was reduced 
by 14% in the spinal cord dorsal columns (x:0, y: -50, z:-66, z score 4.80, p=0.045, cluster 
extent=51, only significant at peak-voxel) (Figure 3).  
 
Figure 3: Changes in microstructure at twelve months revealed by voxel-based quantification. Overlay of 
statistical parametric maps (uncorrected p<0.001, for i l lustrative purposes) showing reduced MT (red) and R1 
(yellow) in patients compared to controls at twelve months in thalamus, cerebellum with a cluster extending into 
the brainstem (i.e. medulla oblongata, pons, and midbrain), and medulla oblongata (i.e. dorsal column). These 





Neurodegeneration and Reorganization in Spinal Cord Disorders   41 
Association between structural changes and clinical outcomes 
ISNCSCI pinprick scores at twelve months were associated with rate of cord area decrease 
(p=0.020, r2=0.76) (Figure 4A). ISNCSCI pinprick scores at twelve months were associated with 
rate of volumetric changes in the right cerebellum (x:2, y:-47, z:-18, z-score 5.80, p<0.001, 
cluster extent=197; x:12, y:-62, z:-16, z-score 4.87, p=0.017, cluster extent=75)  (Figure 5A and 
B) and ISNCSCI light touch scores with rate of volumetric changes in the dorsal columns at the 
level of the medulla oblongata (x:14, y:-29, z:-42, z-score 4.07, p=0.023, cluster extent=31; x:-
8, y:36, z:-48, z-score 3.88, p=0.016, cluster extent=76; x:5, y:-45, z:-63, z-score 4.76, p=0.026, 
cluster extent=76, latter cluster only significant at peak-voxel) (Figure 5A and C), respectively. 
At twelve months, ISNCSCI pinprick scores were associated with spinal cord MT (p=0.005, 
r2=0.82) (Figure 4B). 
 
Figure 4: Correlations between structural changes in spinal cord and sensory outcome. Correlation between 
pinprick score and change in cross-sectional spinal cord area between baseline and twelve months (A) and MT 
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Figure 5: Correlation between progressive volumetric changes in the brain and sensory outcome. (A) Overlay 
of statistical parametric maps (uncorrected p<0.001, for i l lustrative purposes) showing a correlation between 
cerebellum and pinprick score at twelve months (yellow, data of peak-voxel plotted in B) and between the 
medulla oblongata and light touch score at twelve months (red, data of peak-voxel plotted in C). The color bars 
indicate the corresponding t-scores. (B) Greater volumetric decreases over time in patients with l ower pinprick 
outcome at twelve months. (C) No difference in volumetric decreases over time in patients with lower l ight touch 
outcome at twelve months. Vertical error bars show SE for volumetric change in selected area of interest and 
horizontal error bars show SE for scan intervals. Arbitrary threshold for clinical outcome at twelve months was 
set to 70 (for i l lustrative purposes).   
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Discussion 
This study shows progressive volumetric decreases along the sensory system from the earliest 
stage after spinal cord injury. The evaluation of myelin-sensitive MR supports the hypothesis 
that the observed volumetric changes relate to changes in the underlying myelo-architecture. 
From the clinical perspective, the observed structural changes in the cord and brain were 
related to the extent of sensory outcome but were not related to neuropathic pain. Thus, both 
the motor (Freund et al., 2013) and sensory systems are susceptible to atrophy early after 
injury. Therefore the MRI changes could be considered as complementing the clinical 
assessment for monitoring sensory impairment and outcome during the course of 
rehabilitation and treatment interventions following SCI.  
Evolution of structural changes from the spinal cord to the brain 
During the first year after traumatic spinal cord injury, the cord area declines by 7% (Freund 
et al., 2013) with a reduction of up to 30% fifteen years post-injury (Freund et al., 2011; Lundell 
et al., 2011). Besides the overall reduction of cord area, morphometric changes may provide 
further insight into tract specific changes, as reductions of the APW have been associated with 
sensory impairment and the LRW with motor function in chronic SCI (Lundell et al., 2011). 
Here, we assessed the progressive shape changes of the cord (i.e. APW and LRW). In 
agreement with the observations in chronic SCI patients (Lundell et al., 2011), shape 
deformations occurred both in the APW and LRW. The change in the APW might reflect 
anterograde degeneration occurring along the dorsal columns (Jain et al., 2000; Lundell et al., 
2011; Chen et al., 2012) in parallel to retrograde degeneration of the descending tracts (e.g. 
corticospinal tracts) captured by the LRW (Lundell et al., 2011). The reductions of myelin-
sensitive MT and R1 parameters –at the same cord level– and of diffusion tensor metrics in 
the chronic injured spinal cord (Cohen-Adad et al., 2011; Freund, Schneider, et al., 2012) may 
reflect on-going changes of the myelin architecture that in turn contribute to the shape 
changes.  
At the level of the brain, we found progressive volumetric decreases in areas involved in 
sensory processing (e.g. brainstem, thalamus, ACC, S2, and insula) between baseline and 
twelve months. Alterations in structure and function in these areas (Jain et al., 2000; Gustin 
et al., 2010, 2014; Widerström-Noga et al., 2013) have been associated with impaired sensory 
processing and sensory discomfort in patients with SCI (Garcia-Larrea and Peyron, 2013). 
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Similar to findings in the spinal cord, myelin-sensitive R1 and MT paralleled the volumetric 
changes observed in the thalamus, cerebellum, and medulla oblongata comprising the dorsal 
columns. The bilateral decrease of both volume and myelin-sensitive MR parameters within 
the same cortical areas is suggestive of on-going structural changes responding to the spinal 
cord injury which in the present SCI cohort caused equally severe impairments on either side 
of the body. These changes are likely to involve changes at the level of cellular metabolism, 
blood flow and functional depression inducing a state of hypo-activity and shrinkage of 
sensory neurons and their axons (Moxon et al., 2014). In accordance with motor system 
atrophy during the first year after injury (Freund et al., 2013), the magnitude of atrophy within 
the sensory system was evident in both incomplete and complete paraplegic and tetraplegic 
patients. This finding is of interest, as patients with a very chronic SCI show level -dependent 
spinal atrophy – with more pronounced atrophic changes in those patients with higher lesion 
levels (Lundell et al., 2011). Thus, level-dependent atrophy (i.e. lesions in the cervical cord 
impact the structural integrity of a greater number of fibers and neurons than a comparable 
thoracic lesion) may only become distinguishable at later disease stages of SCI. However, we 
are aware that the sample size of our study is rather small and weak effects might not have 
been detected. To detect the full spectrum of potential changes, future multi-center studies 
with the advantage of collecting large sample size are required. Our results provide the 
necessary motivation and evidence for conducting such expensive studies. 
Clinical associations with structural changes 
Crucially, the rate of volume change and the reduction of myelin-sensitive structural measures 
in the cord and volume changes in the brain related quantitatively to sensory deficits. In other 
words, faster atrophy and greater decreases in myelin-sensitive markers were seen in 
ascending spinal pathways and sensory specific brain areas in patients  with greater loss of pain 
(pinprick) and light touch (brush) sensation. At the cervical cord and the medulla oblongata 
level, long distance Wallerian degeneration of primary afferents within the spinothalamic 
tracts as wells as dorsal columns is a likely pathophysiological substrate underlying the 
clinicopathological associations of pinprick and light touch (Kaas, H.-X. Qi, et al., 2008; Zhang 
et al., 2009). Within the brainstem and cerebellum – both receivers of afferent spinal inputs 
(Jain et al., 2000; Moulton et al., 2010) – the interpretation of the association between 
trauma-induced atrophy rate and light touch and pinprick outcome is more complex. In 
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addition to Wallerian degeneration of ascending fiber pathways that arise from the spinal 
cord, transsynaptic changes affecting the structure and function of sensory relay nuclei in the 
brainstem and neurons within the cerebellum (e.g. Purkinje Cells) occurs as a consequence of 
deafferentation (Kaas et al., 1999; Jain et al., 2000; Villiger et al., 2015). The relationship 
between greater cerebellar atrophy rate and worse pinprick outcome is therefore interesting, 
as the cerebellum may also be involved in trauma-induced maladaptive processing of afferent 
sensory inputs (e.g. nociception) (Cerminara et al., 2009) alongside its role as an comparator 
for errors in somatosensory processing (Apps and Garwicz, 2005) resulting in motor 
impairment (Moulton et al., 2010). Thus, a trauma dependent altered structure function 
relationship due to deafferentation could explain why patients with greater sensory 
dysfunction (i.e. worse protopathic sensation) show more severe atrophy. The shape changes 
(APW, LRW) of the cord could not be associated with specific sensory outcomes. Therefore, 
the rather gross geometrical changes (APW, LRW) along the axis might only become 
responsive to sensory impairment in the very chronic phase of injury (Lundell et al., 2011).  
The clinical standard to determine the degree of sensory disability (i.e. epicritic and 
protopathic sensation) after spinal cord damage is the testing of light touch and pinprick 
sensation, respectively. Somatosensory (Kuhn et al., 2012) and contact heat evoked potentials 
(Haefeli et al., 2013) have been shown to provide complementary insights into the 
pathophysiology underlying sensory deficits as they reveal subclinical afferent sparing beyond 
pinprick and light touch sensation. Thus future serial studies will integrate these 
complementary measures as they have the potential to reveal pathology to anatomically 
distinct pathways with greater resolution (i.e. dorsal columns and spinothalamic tract) 
(Ellaway et al., 2011). 
Although neuropathic pain developed in this patient group over time, neither the onset nor 
the intensity of neuropathic pain was linked to neurodegeneration (e.g. reduction in volume 
decline and myelin) during the first year of injury. While loss of sensory input is generally 
induced by neural damage and disconnection within ascending sensory pathways (Jain et al., 
2000; Chen et al., 2012), most important mechanisms underlying neuropathic pain in the sub-
acute phase of injury originate in the brain with complex interactions of the spinal and 
supraspinal neuronal circuits (Wrigley, Press, et al., 2009; Makin et al., 2013; Mole et al., 
2014). Studies focusing on the chronic phase were able to associate structural changes in brain 
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regions with nociceptive processing (i.e. thalamus, prefrontal cortex, insular cortex, amygdala, 
and premotor cortex) although the ultimate mechanisms remain unclear (Wrigley, Press, et 
al., 2009). Future multimodal studies integrating serial structural and functional MRI and 
electrophysiological assessments of pain are needed to address this issue further.  
Limitations 
Our study had some limitations. Firstly, controls were on average 12 years younger than 
patients. We included age as a covariate in all statistical analyses to exclude any (linear) age-
related effects, although the relationship between age and cord area is not significant 
(Callaghan et al., 2014). Moreover, our analysis revealed that the brain volume trajectories 
were not significantly associated with age nor did the adjustment of age influence the latter 
significantly. However, the validity of the adjustment can only be asserted confidently for 
patients and controls under 55 years of age, since there were no controls older than 55 years. 
Secondly, while computational morphometry can reveal disease-specific changes over time, it 
is not biologically specific. In this study, these morphometric changes were paralleled by 
changes in qMRI metrics that are sensitive to underlying tissue microstructure. Measures of 
MT provide information about the macromolecular content of the microstructural 
environment. Although not a direct measure of myelin, post mortem validation has shown 
high correspondence between MT-based measures and myelin staining (Schmierer et al., 
2004; Turati et al., 2015), indicating that myelin is a significant contributor to this measure. 
While there are multiple contributors to the measured R1, including water and iron content, 
the contribution from macromolecular components has been shown to dominate (Rooney et 
al., 2007; Callaghan et al., 2015). Therefore we interpret the changes observed in this study 
as being consistent with axonal demyelination that contributes to volumetric changes within 
the sensory system. Thirdly, the aim to define compartments of the spinal cord to distinguish 
ascending and descending pathways is not completely accurate as tracts located laterally also 
transmit ascending information (e.g., spinocerebellar and spinothalamic tracts). Finally, the 
mean intervals between the MRIs in patients during follow-up varied, but importantly as a 
result, the dropout rate was minimal (compliance of 95%). We note that we accounted for this 
variability in the linear trajectory analyses of cord and brain MRI parameters by explicitly 
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Conclusion 
The neuroimaging biomarkers applied for the first time were sensitive to reveal dynamic 
volumetric changes of the sensory system at both spinal cord and supraspinal level that are 
likely to be associated with changes in myelin architecture.  Importantly, slower rates of 
atrophy were associated with less severe sensory disturbance. These findings indicate that not 
only the motor but also the sensory system undergoes remote (spinal and supraspinal) 
changes which complement clinical measures of recovery, although the underlying 
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Abstract 
Background: Brainstem networks are pivotal in sensory and motor function and play a crucial 
role in recovery following experimental spinal cord injury (SCI). 
Objective: To quantify macroscopic and ultra-structural measures of neurodegeneration and 
their relation to clinical impairment in major brainstem pathways and nuclei in traumatic SCI. 
Methods: Quantitative MRI data of 30 individuals with chronic traumatic SCI (15 with 
tetraplegia and 15 with paraplegia) and 23 healthy subjects were acquired using a multi -
parameter mapping protocol. Patients were neurological assessed. We calculated quantitative 
maps of myelin-sensitive magnetization transfer saturation (MT) and longitudinal relaxation 
rate (R1), as well as iron-sensitive effective transverse relaxation rate (R2*). We constructed 
brainstem tissue templates using a multivariate Gaussian mixture model and assessed volume 
decrease (i.e. atrophy), myelin loss, and iron accumulation across the brainstem pathways and 
major nuclei (i.e. corticospinal tracts (CSTs), medial lemniscus (ML), red nucleus and 
periaqueductal gray (PAG)). We assessed the relationship between structural changes within  
brainstem pathways and nuclei and clinical impairment using regression analysis.  
Results: Volume loss was detected in the CSTs and in the ML at the level of the medulla 
(p=0.017). Myelin-sensitive MT and R1 were reduced in the PAG (MT: p=0.001), the CSTs (MT: 
p=0.039, R1: p=0.003 & p=0.025), the dorsal medulla (R1: p<0.001), the pontomedullary 
junction (R1: p=0.020 & p=0.038) and the dorsal pons (R1: seven clusters). No iron-sensitive 
changes were detected. Lower pinprick score related to more myelin loss in the PAG 
(p=0.015), whereas lower functional independence was related to more myelin loss in the 
vestibular (p=0.038) and pontine nuclei (p=0.034).  
Discussion: Neurodegeneration, indicative by volume and myelin loss, is evident in major 
brainstem pathways and nuclei following traumatic SCI; the magnitude relating to clinical 
impairment. Thus, quantitative MRI protocols offer new targets which may be used as 
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Introduction 
Traumatic spinal cord injury (SCI) is a devastating condition and causes in most patients 
permanent sensorimotor loss and autonomic dysfunction, with no cure currently available 
(Dietz and Curt, 2006). Usually patients show some degree of recovery which levels off within 
two years after injury (Fawcett et al., 2007). Using computational neuroimaging approaches, 
rapid and dynamic trajectories of neurodegenerative processes have been identified above 
the level of injury that accompanied the recovery. Crucially, the magnitude of cord and cortex 
degeneration was associated with greater clinical impairment (Freund et al., 2013, 2015; 
Grabher et al., 2015).  
Besides neurodegeneration at the spinal and cortical level (George and Griffin, 1994; Hains et 
al., 2003; Beaud et al., 2008; Ghosh et al., 2012; Jirjis et al., 2015), retrograde and 
transneuronal degeneration has been shown in experimental SCI in brainstem pathways 
(Jones and Pons, 1998; Woods et al., 1999; Jirjis et al., 2015) and nuclei (Jones and Pons, 1998; 
Woods et al., 1999; Kwon et al., 2002; Wannier-Morino et al., 2008; Carter et al., 2011). The 
brainstem is phylogenetically highly conserved in mammals and plays a key role in motor 
(Lemon, 2008) and sensory function (Jones and Pons, 1998). Crucially, structural 
reorganization of brainstem pathways and nuclei have been associated with functional 
recovery following experimental SCI (Zaaimi et al., 2012; Zörner et al., 2014). Important 
substructures of the motor system entail the rubrospinal system (i.e. execution of precise limb 
movements), the vestibulospinal system (i.e. balance and posture), the reticular formation 
(i.e. initiates and coordinates limb movements and postural support), and the corticospinal 
system (i.e. skilled motor function) (Lawrence and Kuypers, 1968a, 1968b; Markham, 1987; 
Whishaw et al., 1998; McCrea and Rybak, 2008), while the dorsal column nuclei and medial 
lemniscus (ML) (Kaas, H. Qi, et al., 2008; Liao et al., 2015) and the periaqueductal gray (PAG) 
(Benarroch, 2012) are involved in sensory processing and pain modulation. Thus, 
understanding trauma-induced processes affecting the brainstem pathways and nuclei might 
offer crucial insights into neurodegenerative processes and plasticity, and offer eloquent 
relationships with clinical measures that assess motor and sensory function (Kirshblum et al., 
2011). However, the brainstem is understudied in human SCI due to difficulties in imaging this 
densely packed structure in a reliable and repeatable fashion. First attempts using 
neuroimaging approaches provided evidence of brainstem atrophy (i.e. volume loss) (Wrigley, 
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Gustin, et al., 2009; Freund, Wheeler-Kingshott, et al., 2012; Freund et al., 2013; Grabher et 
al., 2015) and plasticity (i.e. volume increases) during intensive training (Villiger et al., 2015) 
in human SCI.  
Recent improvements in quantitative MRI (qMRI) techniques now allow to quantify the 
underlying ultra-structural changes (Weiskopf et al., 2015) and segmenting individual 
brainstem pathways and nuclei (Lambert, Lutti, et al., 2013). This is possible because different 
MR contrasts (magnetization transfer saturation (MT), longitudinal relaxation rate (R1), 
effective transverse relaxation rate (R2*)) can be used to calculate quantitative maps which 
are sensitive to myelin (Mottershead et al., 2003; Schmierer et al., 2004; Turati et al., 2015) 
and iron (Langkammer et al., 2010; Stüber et al., 2014) and for multiparametric brainstem 
tissue segmentation (Lambert, Lutti, et al., 2013). First studies show strong indications that 
myelin loss accompanies atrophic changes in the cord and cortex thus offering complementary 
insights into the sequela of SCI (Cohen-Adad et al., 2011; Freund et al., 2013; Grabher et al., 
2015). 
Here, we combined voxel-based quantification and multiparametric tissue segmentation to 
address our hypotheses that after traumatic chronic SCI (1) atrophy and demyelination are 
evident in major brainstem pathways and nuclei and, (2) that the extent of atrophy, myelin 
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Material and methods 
Participants and study design 
We recruited 30 individuals with a chronic traumatic SCI and 23 healthy participants at the  
University Hospital Balgrist between August 2011 and May 2015. Fifteen patients were 
tetraplegics and fifteen paraplegics. No participant reported a history of medical, neurological, 
or psychiatric disorders and all subjects were eligible for MRI examinations.  
Patients underwent a comprehensive clinical protocol including (1) the International 
Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI) (Kirshblum et al., 
2011) to assess upper and lower extremity motor score (UEMS and LEMS), light touch (LT), 
and pinprick (PP), lesion level and severity (i.e. ASIA impairment scale (AIS)), and (2) the Spinal 
Cord Independence Measure (SCIM) (Catz et al., 2007). 
All participants gave informed written consent prior to study enrolment. The study protocol 
was in accordance with the Declaration of Helsinki and approved by the Ethics Committee of 
the Canton Zurich (reference number: EK-2010-0271). 
Image acquisition 
Structural whole-brain data including the cervical cord up to vertebra C5 were acquired on a 
3T Magnetom MRI scanner (Siemens Healthcare, Erlangen, Germany) in all participants. The 
system was equipped with a 16-channel radiofrequency (RF) receive head and neck coil and 
RF body transmit coil. A multiecho 3D FLASH (fast low-angle shot) sequence with the following 
parameters was used within a whole-brain multi-parameter mapping (MPM) qMRI protocol 
(Helms et al., 2008; Weiskopf et al., 2013): field of view (FoV) of 240 x 256 mm2, matrix size 
240 x 256, isotropic resolution of 1 mm3, GRAPPA parallel imaging in phase-encoding direction 
(anterior-posterior) with speed-up factor of 2, partial Fourier acquisition with 6/8 sampling 
factor in partion direction (left-right), and a readout bandwith of 480 Hz per pixel. Different 
weightings were predominantly achieved by choosing repetition time (TR) and flip angle (α): 
(1) T1-weighted (T1w): 25 ms / 23°, (2) PD-weighted (PDw): 25 ms / 4°, and (3) MT-weighted 
(MTw): 37 ms / 9° with off-resonance RF pulse prior to excitation. Echoes were acquired at 
seven equidistantly echo times (TE) from 2.46 ms to 17.22 ms for all volumes and an additional 
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Image pre-processing 
The acquired T1w, PDw, and MTw echoes were first averaged to increase the signal to noise 
ratio (SNR) and then used to calculate quantitative maps of MT and R1 (Helms et al., 2009; 
Draganski et al., 2011; Weiskopf et al., 2011) in MATLAB (MathWorks, Natick, MA). R2* was 
calculated from the log signal of the PDw echoes. For correction of RF transmit field 
inhomogeneity, UNICORT was used (Weiskopf et al., 2011). 
Brainstem template generation 
Before generating the brainstem tissue probability maps (TPMs), we extracted the brainstem 
from all individual quantitative maps from a longitudinal qMRI dataset of 29 subjects over four 
time points (Freund et al., 2013, 2015; Grabher et al., 2015) by label propagation using a set 
of brain labels (Neuromorphometrics Inc., Somerville, USA). Subsequently, whole-brain 
deformation fields were derived by segmenting the MT maps (Ashburner and Friston, 2005) 
and then applying a diffeomorphic image registration algorithm (Ashburner, 2007). The 
derived deformation fields enabled the extracted qMRI brainstem data to be transformed to 
the MNI space.  
We then used a multivariate Gaussian mixture model to generate brainstem TPMs 
(Hasselblad, 1966). Such a model assumes that the observed image intensities are drawn from 
a set of multivariate Gaussian probability density functions, where each Gaussian captures the 
intensity distribution of one single tissue type. Additionally, we introduced locally-varying, 
unknown tissue priors, which are learned directly from the observed data, thus providing a 
set of population-specific, average-shaped TPMs (Lambert, Lutti, et al., 2013). The statistical 
Gaussian mixture model was fit to the spatially normalized qMRI brainstem data, using the 
Expectation-Maximization algorithm (Moon, 1996) to obtain maximum likelihood or 
maximum a posteriori estimates of the model parameters, for probabilistic latent variable 
models. The resulting seven brainstem TPMs are shown in Figure 6 and contained, amongst 
others, the red nucleus (RN), cerebral crus including the corticospinal tracts (CSTs), and PAG. 
Anatomical locations were validated using a high-field MRI brainstem atlas (Naidich et al., 
2009). The tissue probability maps were subsequently aligned and merged with the whole 
brain TPMs provided with SPM12 (http://www.fil.ion.ucl.ac.uk/spm/) (subsequently referred 
to as modified TPMs), so as to allow a more accurate alignment of the brainstem tissue maps 
with the individual scans, during the following processing steps. In fact, information derived 
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from the tissues surrounding the brainstem (i.e. gray and white matter) can be effectively used 
to drive the registration of the individual volumes to the population mean, therefore ensuring 
more accurate segmentation results.  
 
Figure 6: Seven within-brainstem tissue classes at different anatomical brainstem levels derived from 
multiparametric brainstem segmentation using a modified multivariate mixture of Gaussians. Prominent 
structures in tissue classes are: substantia nigra (class 1), pons (class 2 & 6), periaqueductal gray (class 3), and 
cerebral crus including corticospinal tracts and red nuclei (class 6). 
 
Voxel-based morphometric and ultra-structural analysis of brainstem 
We used our modified TPMs to segment the brain data (using MT and PDw data) of our study 
population (30 SCI and 23 controls) into gray matter, white matter, cerebrospinal fluid, plus 
the seven brainstem tissues for each subject (Ashburner and Friston, 2005). Then, a geodesic 
shooting registration algorithm (Ashburner and Friston, 2011) was used to create a common 
study population mean (Figure 7). The estimated deformation fields were used both to 
compute Jacobian determinant maps for tensor-based morphometry (TBM), and to warp the 
quantitative maps of MT, R1, and R2* into the study population mean space for voxel-based 
quantification (VBQ) (Draganski et al., 2011). Due to the lack of gyrification of the brainstem 
and due to the highly accurate warping algorithm, no smoothing was applied to achieve higher 
spatial accuracy (Lambert, Lutti, et al., 2013). 
Chapter 3 
 
Neurodegeneration and Reorganization in Spinal Cord Disorders   56 
 
Figure 7: Overlay of the common study population brainstem mean onto the high-resolution histological 
sections from the Duvernoy brainstem atlas (Naidich et al., 2009). 
 
We used t-tests within the framework of general linear model (GLM) to assess morphometric 
and ultra-structural differences between individuals with SCI and healthy controls. We used 
regression models to assess the relationship between morphometric and ultra-structural 
measures and neurological and functional impairment (AIS, lesion level, LEMS; UEMS, LT, PP, 
SCIM). Covariates of no interest included age, total intracranial volume and scanner upgrade 
to control for linear effects in all GLMs (Barnes et al., 2010). Cluster-inference within regions 
of interest (ROIs) derived from the seven brainstem TPMs was performed using a  cluster-
defining threshold of p = 0.001 and a family-wise error (FWE) corrected threshold of p = 0.05 
using Gaussian Random Field theory to account for multiple comparisons (Friston et al., 1994). 
Only significant results (p < 0.05) corrected for FWE are reported. The ROIs (i.e. brainstem 
TPMs) were used to increase sensitivity for pathophysiological processes and specificity for 
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Results 
Patients’ characteristics 
The mean age of patients was 44.7 years (standard deviation (SD) 16.7, range 19.1 – 72.6) and 
their time since injury was 3.0 years (SD 5.4, range 0.7 – 23.8) (Table 2). Control subjects had 
a mean age of 36.9 years (SD 11.8, range 24.0 – 66.0) and was not statistically different 
(p=0.052). Neurological and functional outcomes of patients were as follow: UEMS 42.4 (SD 
11.3, range 14 - 50), LEMS 15.1 (SD 20.5, range 0 - 50), PP 58.0 (SD 28.1, range 13 – 112), LT 
68.3 (SD 26.0, range 16 – 112), and SCIM 57.9 (SD 25.7, range 19 - 100).  
Atrophy and myelin loss in brainstem pathways and nuclei 
Voxel-wise analysis revealed significant atrophy and myelin loss in patients compared to 
healthy controls within the brainstem (Figure 8, Table 3). Volume loss was observed in the 
CSTs and ML at the level of the medulla (p=0.017). Lower myelin-sensitive MT was evident in 
the left CST at the level of the medulla (p=0.039) and within the PAG (p=0.001). Lower myelin-
sensitive R1 was observed in the CSTs at the level of the medulla (cluster 1: p=0.003; cluster 
2: p=0.025) and bilaterally in the dorsal medulla (p<0.001), in the dorsal pontomedullary 
junction (cluster 1: p=0.020; cluster 2: p=0.038) and in the dorsal pons (7 clusters, Table 3). 
Iron-sensitive R2* did not reveal any significant changes in patients compared to controls.  
 
Figure 8: Atrophy and myelin loss in brainstem pathways and nuclei. Blue = Volume (Jacobians), Red = Myelin-
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Clinical impairment relates to myelin changes  
Lower R1 in the PAG was associated with lower PP in individuals with SCI (p = 0.015, cluster 
extent (k) = 13, Z score = 4.44, x = 0, y = -38, z = -7, n = 30, Figure 9A). Lower R1 in the left 
upper dorsolateral medulla (e.g. vestibular nucleus ) (p = 0.038, k = 1, Z score = 3.24, x = -4, y 
= -45, z = -43, n = 29, Figure 9B) and left upper-mid ventrolateral pons (e.g. pontine nucleus) 
(p = 0.034, k = 12, Z score = 3.88, x = -13, y = -22, z = -23, n = 29, Figure 9C) was associated with 
lower SCIM (i.e. functional independence).  
 
Figure 9: Correlation between ultra-structural integrity within the brainstem and neurological and functional 
impairment. Regression models from extracted peak-voxel within the significant cluster are shown for i llustrative 
purposes only (not adjusted for age, scanner, and total intracranial volume).   
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x y z 
Jacobian determinant (i.e. volume loss) 
 0.017 336 3.87 0 -39 -49 
Cluster spanning the CSTs and 
medial lemniscus (medulla) 
MT (i .e. myelin loss) 
 
0.001 15 4.32 1 -28 -4 PAG 
0.039 8 4.5 -2 -38 -54 Left CST (medulla) 
R1 (i .e. myelin loss) 
 
<0.001 110 4.78 -8 -38 -27 
Low-mid pons (left, 
dorsolateral) 
0.019 21 3.77 -8 -40 -29 
Low-mid pons (left, 
dorsolateral) 
0.006 18 3.66 9 -43 -31 Low pons (right, dorsolateral) 
0.01 16 4.07 2 -41 -34 Low pons (dorsomedial) 
0.005 7 3.85 4 -42 -35 Low pons (right, dorsomedial) 
0.011 4 3.55 -2 -41 -36 Low pons  (left, dorsomedial) 
0.024 2 3.41 -1 -39 -36 Low pons (left, dorsomedial) 
0.038 1 3.18 6 -44 -37 
Pontomedullary junction 
(right, dorsolateral) 
0.02 13 3.82 2 -43 -39 
Pontomedullary junction 
(right, dorsomedial) 
<0.001 485 5.11 -7 -44 -48 Medulla (bilateral, dorsal) 
0.025 12 4.99 4 -35 -49 Right CST (medulla) 
0.003 22 4.53 -1 -38 -54 CSTs  (medulla) 
Table 3: Group analysis showing volume loss and microstructural changes within the brainstem in individuals 
with SCI compared to healthy controls. CST = corticospinal tract, FWE = family-wise error, MT = magnetization 
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Discussion 
This study revealed atrophy and myelin loss within major brainstem pathways and nuclei 
involved in motor and sensory (dys-) function in chronic traumatic SCI. Interestingly, atrophy  
was observed only in the CST and ML whereas myelin loss occurred also in areas containing 
brainstem nuclei. Crucially, the magnitude of myelin loss was related to the extent of motor 
and sensory impairment. Therefore, these structural alterations in the brainstem should be 
considered, if reproduced in longitudinal studies, as new targets to monitor impairment and 
complement assessments in clinical trials following SCI. 
Tracking neurodegeneration in the brainstem 
First, we confirmed atrophy, the endpoint of neurodegeneration, in the CST (Wrigley, Gustin, 
et al., 2009; Freund et al., 2011, 2013; Mole et al., 2014) and show quantitative myelin loss in 
the same areas of atrophy which is suggestive of retrograde fiber degeneration (Hains et al., 
2003; Buss et al., 2004; Beaud et al., 2008; Ghosh et al., 2012). Next to CST atrophy, we 
identified atrophic changes in the ML. Although we did not observe any myelin changes there, 
this is suggestive of anterograde degeneration (Jones and Pons, 1998; Woods et al., 1999). 
Interestingly, we did no observe any macroscopic or ultra-structural changes in the 
rubrospinal system (i.e. RN). Phylogenetically, the formation of direct cortico-motoneuronal 
connections (i.e. CST) reaching as far as the lumbar enlargement (Lemon, 2008) has rendered 
the rubrospinal system less important for the control of movements in man where fibers 
terminate in the high cervical cord (Nathan and Smith, 1982; Hicks and Onodera, 2012). 
Conversely after experimental SCI, rubrospinal fibers which reach more caudally into the 
spinal cord (Lawrence and Kuypers, 1968b; Belhaj-saïf and Cheney, 2000) and the RN show 
signs of neurodegeneration (Kwon et al., 2002; Wannier-Morino et al., 2008; Carter et al., 
2011). Thus, these findings might illustrate the dominant role of the CST in processes of 
neurodegeneration and reorganization in the context of functional recovery after human SCI 
(Dietz and Fouad, 2014). 
We observed myelin loss in the PAG after traumatic SCI. The PAG is part of the endogenous 
pain inhibition system and involved in motor function (Benarroch, 2012). Dysfunction of the 
PAG affects the pain modulating capacity of nociceptive dorsal horn neurons (Basbaum and 
Fields, 1979; Eippert et al., 2009) and was related to neuropathic pain (Knerlich-Lukoschus et 
al., 2011; Ho et al., 2013), a condition that develops in about half of SCI patients (Siddall et al., 
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2003). Furthermore, the PAG is orchestrating sensory and motor circuits and dysfunction 
changes cerebellar nociceptive and proprioceptive input and, consequently, the cerebellar 
motor system (Moulton et al., 2010; Koutsikou et al., 2015). We also observed myelin loss in 
the cerebellar peduncles that illustrate alterations in spinal and supraspinal input into the 
cerebellum. Interestingly, myelin loss in the PAG was associated with lower pinprick score. 
The PAG receives nociceptive input from the spinothalamic tract (Basbaum and Fields, 1979) 
which integrity can be assessed clinically by the pinprick assessment. Thus, the extent of 
degeneration in the PAG depends on the spinothalamic tract integrity. Myelin loss in the PAG 
therefore affects the pain circuitry and this is supported by the cerebellar changes which we 
have found to relate to pain (Grabher et al., 2015). The role of myelin loss in the PAG and 
neuropathic pain needs to be elucidated in future studies to unravel the mechanisms that 
cause this devastating condition. 
We further observed myelin loss in the ventromedial brainstem pathways involved in motor 
function in the dorsal pons and medulla, independent of atrophy. This is suggestive that the 
integrity of the microarchitecture of the vestibular and reticular system , -crucial for postural 
control and movement coordination (Markham, 1987; McCrea and Rybak, 2008)- is disturbed 
and might reflect reduced postural stability and increased risk of fall in SCI patients (Iles et al., 
2004; Liechti et al., 2008). In addition, myelin loss in the medulla (i.e. vestibular nucleus) and 
pons (i.e. pontine nucleus) were related to lower functional independence (i.e. SCIM score). 
Previously, reduced microstructural integrity in the corticopontine fibers were reported in 
chronic human SCI (Wrigley, Gustin, et al., 2009). Here we demonstrate that the magnitude of 
these changes relate to the functional impairment. Both the vestibular and corticopontine 
nuclei are important for postural control and cerebellar motor function (Markham, 1987; 
Moulton et al., 2010). Thus, their integrity is crucial to maintain independence in activities of 
daily living and postural stability (Iles et al., 2004; Liechti et al., 2008).  
Interestingly, we did not observe iron accumulation caused by myelin breakdown (Hametner 
et al., 2013; Sauerbeck et al., 2013) causing detrimental inflammation in the CNS (Felix et al., 
2012; Kroner et al., 2014; Faden et al., 2015). This may be due to rather small effects of iron 
accumulation in supraspinal regions compared to the spinal cord, where more iron is released 
by breakdown of hemoglobin after hemorrhage (Sauerbeck et al., 2013). Longitudinal 
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assessment of iron accumulation after acute SCI will shed more light into these mechanisms 
with greater sensitivity to subtle effects. 
The lesion height and severity determines the amount of damaged nerve fibers (Fehlings and 
Tator, 1995), as reflected in measures of cross-sectional cord area (Lundell et al., 2011; 
Jutzeler et al., 2016). Interestingly, we did not find any association between loss of structural 
integrity and lesion level/severity (i.e. AIS) in this cohort, and therefore also no differences 
between cervical and non-cervical lesions. Nevertheless, myelin loss was related to clinical 
impairment that per se reflects lesion level and severity.  
No relationships between clinical impairments and atrophy were observed. This might be due 
to fact that volume loss is rather unspecific to the underlying pathological processes and 
points to the importance of quantitative markers of myelin and iron. 
Limitations  
We note the following limitations of this study. The anatomical locations of brainstem ROIs 
(i.e. TPMs) and findings in SCI compared to healthy controls were carefully confirmed using a 
high-field MRI atlas (Naidich et al., 2009). The lack of specificity for pathological mechanisms 
influencing relaxation times and the small anatomical structures compared to resolution may 
conceal small effects and may be approached by high-resolution hMRI techniques (Weiskopf 
et al., 2015). The scanner was upgraded during the study period (from Verio to Skyra fit). Data 
from both patients and controls were acquired on both systems (the same ratio in each group) 
to minimize potential confounding effects due to the scanner upgrade thereby accounting for 
this confound in both cohorts. The cross-sectional study design allows us to only assess 
differences in MRI readouts between SCI and healthy controls, but not the underlying 
trajectories of structural changes. This design is also less sensitive, as higher between-subject 
variability may conceal weak effects. To overcome this limitation, we aim to develop a 
longitudinal analysis pipeline to assess trajectories of structural change in brainstem pathways 
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Conclusion 
Refined qMRI methods enable to track spatially specific neurodegeneration and structural 
reorganization in the brainstem following traumatic SCI. Next to measures of atrophy that are 
rather insensitive and unspecific to the underlying pathology, we show myelin loss across the 
brainstem. Therefore, these clinically relevant structural brainstem alterations, obtained with 
a qMRI protocol, could serve as neuroimaging biomarkers to monitor treatment efficacy and 
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Abstract 
Rehabilitative training has shown to improve significantly motor outcomes and functional 
walking capacity in patients with incomplete spinal cord injury (iSCI). However, whether 
performance improvements during rehabilitation relate to brain plasticity or whether it is 
based on functional adaptation of movement strategies remain uncertain. This study assessed 
training improvement-induced structural brain plasticity in chronic iSCI patients using 
longitudinal MRI. 
We used tensor-based morphometry (TBM) to analyze longitudinal brain volume changes 
associated with intensive virtual reality (VR)-augmented lower limb training in nine traumatic 
iSCI patients. The MRI data was acquired before and after a 4-week training period (16-20 
training sessions). Before training, voxel-based morphometry (VBM) and voxel-based cortical 
thickness (VBCT) assessed baseline morphometric differences in nine iSCI patients compared 
to 14 healthy controls.  
The intense VR-augmented training of limb control improved significantly balance, walking 
speed, ambulation, and muscle strength in patients. Retention of clinical improvements was 
confirmed by the 3-4 months follow-up. In patients relative to controls, reductions in VBM of 
white matter volume within the brainstem and cerebellum and VBCT showed cortical thinning 
in the primary motor cortex. Over time, TBM revealed significant improvement-induced 
increases in the left middle temporal and occipital gyrus, left temporal pole and fusiform 
gyrus, both hippocampi, cerebellum, corpus callosum, and brainstem in iSCI patients.  
This study demonstrates structural plasticity at the cortical and brainstem level as a 
consequence of VR-augmented training in iSCI patients. These structural changes may serve 
as neuroimaging biomarkers of VR-augmented lower limb neurorehabilitation in addition to 
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Introduction 
Complete spinal cord injury leads to permanent impairments of motor, sensory, and 
autonomic function. However, in the majority of cases, sensorimotor functions are partially 
preserved below the lesion level due to an anatomically incomplete lesion, resulting in an 
incomplete spinal cord injury (iSCI) (Wyndaele and Wyndaele, 2006). Intensive 
neurorehabilitation therapy improves clinical outcome, but little is known about the 
relationship between training intensity and behavioral outcome, or about their neural 
underpinnings. The ability to relearn successfully a motor action depends on the key concepts 
for motor learning, i.e. repetition, performance feedback and motivation (Holden, 2005). 
Virtual reality (VR)-augmented neurorehabilitation interventions in patients with chronic iSCI 
have shown to improve motor function and neuropathic pain (eg. (Villiger et al., 2011, 2013)). 
VR provides interactive, multimodal sensory stimuli and immediate environment feedback to 
motivate the patient. Furthermore, adjustments of the VR-presented motor tasks aim to 
prevent or reduce fatigue and demotivation (Holden, 2005; Adamovich et al., 2009; Bohil et 
al., 2011). However, the neurophysiological mechanisms underlying performance 
improvements in patients with acute and chronic iSCI are uncertain. 
To date, training-dependent functional neuroplasticity in humans has been investigated using 
transcranial magnetic stimulation (TMS), positron emission tomography (PET) and functional 
magnetic resonance imaging (fMRI). Long-term motor training induces decreases in task-
related activity in cortical motor areas, indicating economization processes (Walz et al., 2014) 
and changes in functional connectivity (Sampaio-Baptista et al., 2014). Recently, structural 
and functional cortical connectivity changes were associated with motor training (Taubert et 
al., 2011). Cortical modulation was assessed with TMS in training of upper (Pascual-Leone et 
al., 1995; Classen et al., 1998; Koeneke et al., 2006; Kantak et al., 2013) and lower extremities 
(Perez et al., 2004). Classen et al. (1998) showed that simple thumb training could change the 
movement direction evoked by TMS indicating reorganization of neuronal networks. Crucially, 
computational morphometry has shown training-dependent (i.e. juggling) dynamic volumetric 
changes in brain tissue in motor learning associated cortical areas in healthy controls  
(Draganski et al., 2004). Patients with Parkinson’s disease – trained on a balance task – showed 
improvements that were related to local brain volume increases in cortical and cerebellar 
regions involved in balance control and motor learning (Sehm et al., 2014). These increases in 
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brain volume occurred within the first weeks of training during which the greatest 
improvements occurred. Thus, improvements in ambulatory function might depend on similar 
mechanisms in iSCI patients who have to relearn movement patterns using spared fibers that 
most probably were involved in different motor tasks prior to spinal cord injury (Ghosh et al., 
2010).  
Morphometric brain changes are conventionally assessed using voxel-based morphometry 
(VBM) and voxel-based cortical thickness (VBCT). Both procedures were developed for cross-
sectional detection of gray and white matter volume changes between two groups  (Ashburner 
and Friston, 2000; Hutton et al., 2008). Recently, tensor-based morphometry (TBM) was 
developed to assess dynamic volumetric changes over time (Ashburner and Ridgway, 2013). 
TBM has successfully shown its potential in longitudinal studies characterizing changes 
induced by SCI trauma, inflammation in multiple sclerosis, and in neurodegeneration such as 
Alzheimer’s and Parkinson’s diseases (Tao et al., 2009; Freund et al., 2013; Hua et al., 2013; 
Tessa et al., 2014).  
In the present study, we applied computational morphometry (VBM, VBCT) to detect 
volumetric bi-directional differences between chronic iSCI patients and controls at baseline. 
Over time in iSCI patients, we used TBM to assess the relationship between VR motor-training 
induced performance improvements and local brain volume increases in brain areas 
responsive to motor training during a similar balance task in in healthy and diseased subjects 
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Material and Methods 
Participants and study design 
Nine iSCI outpatients (mean age 55.1 years, standard deviation (SD) 15.8, range 28-71 years, 
4 females) from the University Hospital Balgrist (Zurich, Switzerland) were included in the 
study between August 2010 and March 2012 (Table 4). Inclusion criteria were: clinically 
incomplete, chronic SCI (time since injury > 1 year), motor level of lesion below C4, ability to 
sit in a chair without assistance and support systems (e.g. securing belt), and motor functions 
below the level of lesion corresponding to the American Spinal Cord Injury Association 
Impairment Scale (AIS) (Marino et al., 2003). Exclusion criteria were psychiatric or other 
neurological disorders, head injuries causing cognitive or visual impairment, spasticity limiting 
performance of lower limb movements, and medication influencing ability to attend the 
therapy for 45 minutes. Furthermore, patients with depressive symptoms (score >14 in the 
Beck Depression Inventory) were excluded (Hassanpour et al., 2012). Neuropathic pain was 
classified into at-level and below-level SCI neuropathic pain based on the most recent 
taxonomy (Bryce et al., 2012) and was assessed on an 11-point numeric rating scale from 0 









Level of pain Years since injury 
P1 70 M ME C8 D - 2 
P2 60 F ME T4 D Below-level 2 
P3 28 M T C6 D - 5 
P4 71 F ME T12 D At-level 3 
P5 61 M T C4 D At- and below-level 4 
P6 30 M ME C5 D Below-level 3 
P7 62 M ME T9 D - 5 
P8 67 F T T12 D - 1 
P9 47 F ME C7 D Below-level 4 
Table 4: Characteristics of patients with spinal cord injury. Gender: M = male; F = female. Etiology: T = trauma; 
ME = medical etiology. Level of lesion: C = cervical; T = thoracic level SCI. AIS classification D: sensory-motor 
incomplete, with the average strength of the muscles below the level of lesion equal to or above 3 (i.e. movement 
over the full  range of motion against gravity). Level of pain: at-level pain is defined as pain located within the 
dermatome and 3 dermatomes below the lesion level, and not in any lower dermatomes, unless the pain is 
thought to be caused by damage to the cauda equine. Below-level pain is defined as pain present more than 3 
dermatomes below the lesion level, and the lesion or disease must affect the spinal cord and that the pain is 
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Fourteen healthy subjects participated in the control group (mean age 47.1 years , SD 14.4, 
range 25 - 61 years, 7 females). Their mean age was not significantly different from iSCI 
patients (Mann–Whitney U = 34.5, nc = 14, np = 9, P = 0.07, two-tailed). They had normal or 
corrected-to-normal visual acuity and no history of psychiatric or neurological disorder. 
SCI and healthy participants were informed of the purpose of the study and gave written 
consent. The experimental protocol was in accordance with the Declaration of Helsinki and 
performed with the approval of the local Ethics Committee (EK-24/2009). 
Patients underwent four weeks of intensive VR-augmented lower limb training. Before and 
after the training period a structural volumetric 3D MRI data set was acquired in patients. 
Retention of the performance improvements was assessed in a 3-4 month follow-up session. 
The 14 control subjects were invited to a single MRI session using the same imaging protocol 
as the patients to reveal any baseline differences (increases and decreases) in local brain 
volume between both groups. Controls did not partake in the VR-enhanced motor training. 
The patients with iSCI were trained with the VR movement tasks 16-20 times during 4 weeks 
(4-5 x 45 min. per week). The training used a VR-augmented therapy system for lower limbs 
combining action observation, imagination and execution. The system and the motivating 
training tasks are shown and described in more detail by Villiger et al. (2011; 2013). In short, 
the movements of the patient’s real lower limbs are transferred in real time to the virtual 
lower limbs using sensory modules with accelerometers, attached to the patients’ shoes. The 
virtual lower limbs are presented in a first-person perspective on a large monitor (132 cm 
diagonal). Clinically relevant interactive games for training foot and leg movements were used 
for 3 x 2 minutes each in a sitting or standing position. These games were: 
Footbag: A simple exercise in which the patient juggles a ball between the left and right foot, 
using dorsiflexion of the ankle (tibialis anterior contraction, approx. 70 per 2 min. per leg), an 
exercise to reduce foot dragging. The trajectory of the ball in the air between the left and right 
feet is pre-set. 
Hamster splash: Hamsters run up to the patient’s toes. The patient’s task is to perform a dorsal 
flexion of the ankle (approx. 30 per 2 min. per leg) to launch each hamster into a swimming 
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pool. Launching the hamsters higher (faster ankle movement) is rewarded by a higher score 
and more elaborate hamster movements (somersaults, swimming patterns). 
Star kick: The patient performs a knee extension (approx. 24 per 2 min. per leg) by kicking a 
ball towards displayed stars. For every hit, the patient receives a score reward. 
Planet drive: Cars are moving on a highway towards the virtual feet. The patient’s task is to 
avoid touching the cars by displacing the foot and legs sideways (approx. 8 per 2 min. per leg). 
During each training session, patients rated their enjoyment, motivation, and attention level 
on an 11-point numeric rating scale from 0 (worst) to 10 (best). 
Behavioral data 
Outcomes for lower limb motor functions in patients with iSCI were assessed at four different 
time points: 1 month prior to baseline scan, at baseline (immediately before training), after 
one month of training (post-training), and 3-4 months after the last training session (follow-
up). Patients were assessed on 1) the ‘10 meter walking test’ (10MWT) gait speed test (self-
selected speed) (van Hedel et al., 2005, 2006), 2) the ‘Berg balance scale’ (BBS) assessment of 
balance during functional activities (14 balance items) from 0 (no balance) to 4 (good balance) 
(Berg et al., 1995), 3) the ‘lower extremity motor score’ (LEMS) from 0 (complete paralysis) to 
50 (normal strength)(Marino et al., 2003), and 4) the ‘spinal cord independence measure’ 
(SCIM mobility) from 0 (no mobility) to 40 (normal mobility) (Catz et al., 2007). 
Statistical analysis of behavioral data 
We used Stata 13 (StataCorp LP, College Station, TX; www.stata.com) to assess changes in 
behavioral data. In order to estimate rates of clinical recovery (patients only) linear mixed 
models were used with the clinical measure (10MWT, BBS, LEMS, and SCIM) as response 
variable and time as predictor. All time points and all participants were included. 
MRI data acquisition  
The structural volumetric MRI images were acquired at baseline in all participants and 
following training in patients. A 1.5T whole-body MRI scanner equipped with an 8-channel 
SENSE™ head coil (Philips Medical Systems, Eindhoven, The Netherlands) was used to acquire 
3D T1-weighted (T1w) (TFE sequence) (repetition time (TR) = 20 ms, echo time (TE) = 4.6 ms, 
flip angle (α) = 20°, field of view (FoV) = 220x220 mm2, 210 slices, voxel size = 0.98x0.98x0.75 
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mm3). Total scan time was 11 min. 36.4 s for each subject. All images were controlled for 
movement artefacts prior to processing. 
MRI data analysis 
Voxel-based morphometry (VBM) and voxel-based cortical thickness (VBCT) 
VBM (Ashburner and Friston, 2000) and VBCT (Hutton et al., 2008), implemented in SPM12 
(Wellcome Trust Centre for Neuroimaging, University College London, London, UK ), were 
applied to assess differences in white matter and gray matter volumes and cortical thickness 
between the iSCI patients and the healthy controls prior to training (Ashburner and Friston, 
2000). In brief, for VBM the T1w anatomical images were segmented into gray matter, white 
matter and cerebrospinal fluid using unified segmentation (Ashburner and Friston, 2005). The 
gray matter and white matter segments were then transferred to MNI (Montreal Neurological 
Institute) space using the diffeomorphic non-linear image registration algorithm (Dartel) 
(Ashburner, 2007). Finally, the gray matter volumes were scaled (i.e. “modulation”) in order 
to preserve the local tissue volumes and smoothed using an isotropic Gaussian kernel with 6 
mm full width at half maximum (FWHM). For VBCT, the segmented maps of gray matter, white 
matter, and cerebrospinal fluid (created in the pre-processing steps of the VBM analysis) were 
used to create a cortical thickness map for each subject (Hutton et al., 2008). Cortical gray 
matter boundaries were extracted from these maps to estimate the cortical thickness for each 
voxel. To increase the spatial resolution of narrow cerebrospinal fluid spaces, the input tissue 
segments were sub-sampled from 1 mm to 0.5 mm using trilinear interpolation. The thickness 
value at each voxel was then calculated as the distance between the inner and outer borders  
of the local gray matter(Hutton et al., 2009). VBCT maps were then warped into the MNI space 
and smoothed using the same FWHM Gaussian kernel with a correction to preserve (i.e. no 
modulation) local cortical thickness (Hutton et al., 2008). 
Tensor-based morphometry (TBM) 
Using inverse-consistent 3D non-linear image registration, implemented in SPM12, we 
longitudinally aligned the MRI volumes collected before and after training to their ha lf-way 
average (Ashburner and Ridgway, 2013) to obtain Jacobian determinant maps, as well as half-
way T1w average images for each subject. The half-way average images were subsequently 
segmented into gray matter, white matter, and cerebrospinal fluid using unified segmentation 
(Ashburner and Friston, 2005). The Jacobian determinant maps were transformed to the MNI 
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space using deformations derived from Dartel. These aligned maps revealed volumetric 
expansion and compression for each of the subjects. 
Statistical analysis 
For the VBM/VBCT analysis, used to assess impairment related structural brain changes prior 
to study onset, three general linear models (GLM) were constructed for the whole brain (for 
gray matter, white matter, and cortical thickness), consisting of a group identifier, age, and 
total intracranial volume (TIV) to account for any confounding (non-specific) effects. For the 
cortical changes (VBM of gray matter and VBCT of cortical thickness), the sensorimotor cortex 
was additionally chosen as search volume to increase sensitivity (Freund et al., 2011). Two-
tailed two-sample t-tests were used to assess volume differences in patients compared to 
controls at baseline. 
For TBM analysis, linear regression models were constructed to identify volumetric changes 
that are associated with individual performance improvements (i.e. 10MWT, LEMS, BBS, and 
SCIM) across the training period. Individual performances of the lower limb motor functions  
were assessed before and after the four weeks training. As the study duration was short and 
age has shown not to have disadvantageous effects on rehabilitation associated performance 
improvements (Furlan et al., 2010), we did not include age as a covariate in the TBM analysis 
(Freund et al., 2013). Pain reduction during training was included as covariate of no interest 
in TBM models to overcome possible confounds, because training with visual aspect has 
shown reductions in SCI neuropathic pain scores (e.g. (Moseley, 2007; Villiger et al., 2013)). 
Regression models were tested for positive correlations between volume changes and 
improvements in performance. 
The associated p-values were corrected for multiple comparisons of all voxels analyzed using 
Gaussian random field theory. Only significant results (P < 0.05, Family Wise Error (FWE) 
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Results 
Patient characteristics and motivational factors 
All patients completed the training and were classified as AIS D. Five patients suffered from 
neuropathic pain. The clinical characteristics are summarized in Table 4. On average, during 
each VR training session around 300 repetitions of ankle movements and 75 knee movements 
(over 5000 and 1200 per leg respectively during a month) were performed. A survey at the 
end of every training session indicated that patients enjoyed the VR-augmented lower limb 
tasks (mean 9.5, SD 0.9, range 7.7-10) and maintained a high level of motivation (mean 8.5, 
SD 1.2, range 6.9-10) and attention (mean 8.6, SD 1.2, range 6.4-10). 
Behavioral data 
No significant changes occurred between the period of time one months before training and 
at baseline (pre-training) (10MWT: 0.01s, P = 0.999, CI -0.43 to 0.43; BBS: -0.15, P = 0.856, CI 
-1.73 to 1.44; LEMS: -0.03, P=0.965, CI -1.18 to 1.13; SCIM: -0.25, P = 0.617, CI -1.22 to 0.72). 
During the entire training period, patients spent a total mean training time of 413.8 min. (SD 
43.2, range 344-480). Over time, all iSCI patients exhibited training-induced improvements in 
performance (see Figure 10). Specifically, iSCI patients showed a significant improvement in 
the 10MWT (-1.33 s, P < 0.001, CI -1.77 to -0.90), BBS (3.11, P < 0.001, CI 1.51 to 4.72), LEMS 
(3.00, P < 0.001, CI 1.81 to 4.19), and SCIM (1.89, P = 0.001, CI 0.81 to 2.97) in the post-training 
compared to the pre-training. The performance at follow-up was still significantly improved 
compared to pre-training in the 10MWT (-0.93 s, P < 0.001, CI -1.37 to -0.49), BBS (2.67, P = 
0.010, CI 0.65 to 4.69), LEMS (2.78, P = 0.002, CI 1.03 to 4.52), and SCIM (1.89, P = 0.002, CI 
0.71 to 3.07). They did not significantly change when compared to post-training in the 10MWT 
(0.41 s, P = 0.068, CI -0.03 to 0.84), BBS (-0.44, P = 0.587, CI -2.05 to 1.16), LEMS (-0.22, P = 
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Figure 10: Performance improvements. Improvements of (A) 10 meter walking test (10MWT), (B) Berg balance 
scale (BBS), (C) lower extremity motor score (LEMS) and (D) spinal cord independence measure (SCIM) in patients 
with incomplete spinal cord injury (iSCI) after 16-20 interactive training sessions during four weeks (post-training) 
and 12 to 16 weeks after training (follow-up). Individual results (blue) and means with standard deviations (red) 
are shown. 
 
Cross-sectional structural changes (MRI data) prior to training - VBM and VBCT  
At baseline, VBM of white matter volume revealed significant reductions in the cerebellum 
(lobule IX, Z score 3.95, P < 0.001) and brainstem (medulla oblongata, Z score 4.88, P < 0.001) 
in patients compared to controls (Table 5 and Figure 11, left). No alteration in VBM of gray 
matter volume was detected in patients compared to controls.  
VBCT of cortical thickness (Table 5 and Figure 11, right) revealed thinner cortical thickness in 
the left primary motor cortex of iSCI patients compared to controls when analyzing the 
sensorimotor cortex as region of interest (Z score 3.63, P < 0.001), but not at whole brain.  No 
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x (mm) y (mm) z (mm) 
VBM       
Bra instem 
(medulla oblongata) 
4.88 < 0.001 300 -6 -48 -61 
Cerebellum (lobule IX) 3.95 < 0.001 353 -6 -51 -31 
VBCT       
Primary motor cortex* 3.63 < 0.001 46 -23 -30 59 
Table 5: VBM/VBCT volume decreases (e.g. atrophy) at whole brain before training between patients and 
healthy controls. *Analysis was performed in the sensorimotor cortex to increase sensitivity (Freund et al., 2011). 
VBM = voxel-based morphometry; VBCT = voxel -based cortical thickness. 
 
 
Figure 11: Cross-sectional structural changes (VBM/VBCT) - Statistical parametric maps (thresholded at P < 
0.001 uncorrected, for i l lustrative purposes) showing volume reductions in patients with incomplete spinal cord 
injury (iSCI) compared with controls. (Left) Voxel-based morphometry (VBM): cerebellum and pyramids and 
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Longitudinal structural changes (MRI data) - TBM 
Over the course of training, the iSCI patients’ improvements in performance correlated 
positively with dynamic changes in local volume in several brain regions (Table 6 and Figure 
12). Related to the BBS scores, the changes were located in the right cerebellum (lobule V, Z 
score 4.70, P = 0.037; lobule VI, Z score 4.58, P = 0.002), left middle occipital gyrus (Z score 
4.28, P = 0.034), both hippocampi (Z score 4.27, P < 0.001; Z score 4.17, P < 0.001), the left 
temporal pole (Z score 4.00, P < 0.001), corpus callosum (Z score 4.12, P < 0.001), and two 
brainstem regions (pons, Z score 4.16, P < 0.001; midbrain, Z score 4.09, P = 0.003). For the 
LEMS, a positive correlation between volumetric changes and improvements were found in 
the left middle temporal gyrus (Z score 4.05, P < 0.001). The SCIM scores were positively 
correlated with longitudinal volume changes in the left cerebellum (lobule VI, Z score 5.17, P 
< 0.001; lobules I-IV, Z score 4.77, P = 0.003) and left fusiform gyrus (Z score 4.52, P < 0.001). 
No significant correlations between the behavioral and structural changes were found for the 
10MWT. 
 
Figure 12: Longitudinal structural changes (TBM). Overlay of statistical parametric maps (thresholded at P < 
0.001 uncorrected, for i l lustrative purposes) showing correlations between volume increas es measured by 
tensor-based morphometry (TBM) and clinical improvements in balance (BBS, red), lower extremity motor score 
(LEMS, yellow), and spinal cord independence measure (SCIM, green). The corresponding t-scores are indicated 
by the color bars. Correlations are shown in brainstem (left), hippocampus (middle), and left temporal gyrus and 
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x (mm) y (mm) z (mm) 
BBS 
      
Right cerebellum (lobule V) 4.70 0.037 59 3 -57 0 
Right cerebellum (lobule VI) 4.58 0.002 93 8 -68 -13 
Left middle occipital gyrus 4.28 0.034 60 -39 -65 -1 
Right hippocampus 4.27 <0.001 122 27 -5 -40 
Left hippocampus 4.17 < 0.001 159 -30 -18 -18 
Bra instem (pons) 4.16 < 0.001 129 -8 -32 -43 
Corpus  ca llosum 4.12 <0.001 143 -24 -6 36 
Bra instem (midbrain) 4.09 0.003 89 -9 -17 -16 
Left temporal pole 4.00 < 0.001 833 -35 4 -36 
LEMS 
      
Left middle temporal gyrus 4.05 <0.001 324 -45 -2 -15 
SCIM 
      
Left cerebellum (lobule VI) 5.17 <0.001 169 -15 -60 -27 
Left cerebellum (lobules I -IV) 4.77 0.003 87 -14 -39 -21 
Left fus iform gyrus 4.52 < 0.001 265 -30 -75 -10 
Table 6: Correlations between TBM longitudinal volume increases and performance improvements in patients.  
TBM = tensor-based morphometry; BBS = Berg balance scale; LEMS = lower extremity motor score; SCIM = spinal 
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Discussion 
This study reveals specific structural brain changes associated with motor performance 
improvements following intensive VR-augmented lower limb training in chronic iSCI patients. 
As anticipated, intensive training over a period of four weeks resulted in improvements  in 
ambulation (e.g. 10MWT) and postural stability/control (e.g. BBS) (Deliagina et al., 2008). 
Overall independence in their daily life improved, as shown by the higher SCIM scores. The 
success of this intensive VR-augmented training with over 5000 ankle movements and 1200 
knee movements per leg during a month of training was reflected by high ratings for 
enjoyment, motivation, and attention. Crucially, motor performance improvements relate to 
increases in local brain volume in areas relevant for locomotion. These findings allow us to 
address the question to what extent motor performance improvements during rehabilitation 
are reflected by brain plasticity. 
Using longitudinal structural MRI data, it has been shown repeatedly that training 
improvements in healthy controls can be related to increases in cortical volume in humans  
(Driemeyer et al., 2008; Taubert et al., 2010; Landi et al., 2011; Sagi et al., 2012; Sehm et al., 
2014) and monkeys (Quallo et al., 2009). These changes occur rather rapidly (within weeks) 
and the effects are stronger when a new task was learned as opposed to a refinement of an 
already learned task (Driemeyer et al., 2008; Quallo et al., 2009). Moreover, these structural 
brain changes are dynamic, demonstrating increases during the initial phase of learning and 
decreases at later stages (Taubert et al., 2010; Sehm et al., 2014). Only a few studies have 
assessed this phenomenon in neurological disorders (Burciu et al., 2013; Sehm et al., 2014). 
Using TBM, we demonstrate dynamic structural brain plasticity associated with motor learning 
in several cortical and subcortical areas in patients with chronic iSCI. These brain regions 
correspond with those involved in the learning of balance tasks in the healthy and diseased 
brain and occurred within the first weeks (Sehm et al., 2014).  
In particular, the iSCI patients exhibited an expansion of gray matter volume in the temporal 
lobe that was associated with improvements in balance (BBS) and muscle strength (LEMS) of 
the lower limbs. The responsiveness of the temporal lobe is similar to that observed during 
upper limb training in healthy subjects who were trained over 3 months to learn a classic 
three-ball cascade juggling routine (Draganski et al., 2004). Furthermore, our VR training, 
which demanded high levels of spatial memory capacities, induced structural changes within 
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the hippocampus. These results are in line with hippocampi volume increases associated with 
spatial memory and learning in a cohort of London taxi drivers memorizing navigation patterns  
(Maguire et al., 2000). In addition, functional MRI studies have shown that the hippocampus  
is also involved in encoding (Schendan et al., 2003) and consolidation of motor skills (Albouy 
et al., 2008). The increase in gray matter volume due to VR-augmented lower limb training in 
the cerebellum most likely reflects improved adaptation of postural movement (Houk et al., 
1996; Rabe et al., 2009; Burciu et al., 2013). An increase in volume was induced in the 
brainstem, but only little is known about the anatomical plasticity of key locomotor regions in 
this area. In a recent study with rats, Zörner et al. (2014) observed that anatomical plasticity 
in defined brainstem motor networks significantly contributed to functional recovery after 
injury of the central nervous system.  
While the analysis of the MRI data can show dynamic changes over time, it cannot explain the 
microstructural neuronal processes underlying learning-induced brain volumetric changes 
(Draganski and May, 2008). Thus, the dynamic gray and white matter volume increases 
observed in our cohort of iSCI patients may be attributable to several factors such as 
synaptogenesis, astrocytic hypertrophy, neurogenesis, angiogenesis and myelin formation 
(for review, see (Markham and Greenough, 2004)). 
In accordance with previous structural MRI studies, white matter volume in the cerebellum, 
medulla oblongata, and cortical thickness in the primary motor cortex were reduced in iSCI 
patients when compared to controls (Freund et al., 2011, 2013). At a microstructural level, 
these atrophic changes are related to axonal degeneration and demyelination (Cohen-Adad 
et al., 2011; Freund, Schneider, et al., 2012; Freund, Wheeler-Kingshott, et al., 2012). 
Interestingly, we observed training-induced increases in local brain volume in key areas of 
locomotion (i.e. brainstem and cerebellum) adjacent to areas that showed volume reductions  
as assessed by VBM. Future quantitative MRI studies using myelin-sensitive readouts will 
elucidate whether training can reverse atrophy by promoting structural integrity. 
Our study had few limitations. Although we carefully selected and assessed the patients 
clinically, the sample size was rather small (n=9, 18 MRI assessments). Therefor our study 
might have been insensitive to detecting small changes with week effect sizes. Moreover, the 
lack of a SCI control group for the VR-augmented training means that the training induced 
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changes in trained patients might have occurred not only as part of the training but also as 
part of a placebo effect (e.g. secondary effect due to participation in the training study). 
However, the locations of the brain volume changes were strongly overlapping with those 
shown to be responsive during motor training in healthy subjects and neurological impaired 
patients and therefore we are confident that the findings relate to performance 
improvements rather than spontaneous recovery. Moreover, the clinical outcome measures 
were shown to be stable one month prior to training commencement indicating that the 
observed behavioral improvements were training-induced rather than occurring 
spontaneously. 
Conclusion 
Overall, our present pilot study demonstrates a close link between structural changes in 
spatially distinct, task-specific areas of the central nervous system related to performance 
improvements during motor learning in patients with chronic iSCI. Novel neuroimaging 
measures of dynamic structural changes in response to training hold significant potential to 
provide complementary information regarding the intensity and specificity of functional 
training programs which, while applied routinely in SCI patients, may require adjustment in 
terms of their intensity and specificity for the individual patient. The hope is that neuroimaging 
measures of structural changes will establish itself as means to reveal the effectiveness of 
rehabilitation interventions in addition to, and beyond clinical outcome measures. Although  
routine clinical outcome measures are utmost important to value the outcome of 
rehabilitation interventions, they are limited to disclose if the trainings where effective 
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Abstract 
In this prospective study, we made an unbiased, voxel-based analysis to investigate above-
stenosis spinal degeneration and its relation to impairment in patients with cervical 
spondylotic myelopathy (CSM). 
Twenty patients and 18 controls were assessed with high-resolution MRI protocols above the 
level of stenosis. Cross-sectional areas of gray matter (GM), white matter (WM), and posterior 
columns (PC) were measured to determine atrophy. Diffusion indices assessed tract-specific 
integrity of PC and lateral corticospinal tracts (CST). Regression analysis was used to reveal 
relationships between MRI measures and clinical impairment.  
Patients showed mainly sensory impairment. Atrophy was prominent within the cervical WM 
(13.9%, p=0.004), GM (7.2%, p=0.043), and PC (16.1%, p=0.005). Fractional anisotropy (FA) 
was reduced in the PC (-11.98%, p=0.006) and lateral CST (-12.96%, p=0.014). In addition, 
radial (+28.47%, p=0.014), axial (+14.72%, p=0.005), and mean (+16.50%, p=0.001) diffusivities 
were increased in the PC. Light touch score was associated with atrophy (R2=0.3559, p=0.020) 
and FA (z score 3.74, p=0.003) in the PC, as was functional independence and FA in the lateral 
CST (z score 3.68, p=0.020). 
This study demonstrates voxel-based degeneration far above the stenosis at a level not 
directly affected by the compression and provides unbiased readouts of tract-specific changes 
that relate to impairment.  
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Introduction 
Cervical spondylotic myelopathy (CSM) is one of the most frequent spinal cord disorders 
leading to reduced independence and quality of life especially in the elderly (Kalsi-Ryan, 
Karadimas, et al., 2013). Neurological impairment is mainly caused through chronic cord 
compression and deterioration of blood supply triggering degeneration of neural tissue in gray 
and white matter in the spinal cord at the level of stenosis  (Yu et al., 2011; Karadimas et al., 
2013). The time course of the stenosis and its relation to the emergence of clinical impairment 
is unknown, as a moderate cord stenosis might be clinically silent for many years. 
Decompressive surgery is the therapeutic gold standard in patients with clinically relevant 
cord stenosis (Holly et al., 2008), while a conservative approach is chosen in those patients 
with a radiologically less severe stenosis and only mild symptoms. Recently, novel 
experimental neuroprotective approaches improving outcome were investigated by blocking 
Fas-mediated apoptosis (Yu et al., 2011) and the application of a benzothiazole anticonvulsant 
(i.e. riluzole) (Moon et al., 2014; Karadimas et al., 2015) and results were encouraging. Hence, 
there is a pressing need to detect and monitor early subclinical pathologic changes to the 
microstructure of the spinal cord, allowing interventions before those changes cause clinical 
impairments. However, neuroimaging biomarkers that can quantify disease progression at a 
stage before major irreversible damage occurs, monitor treatment effects (beyond 
decompression of the cord) and predict outcome are lacking (Kalsi-Ryan, Karadimas, et al., 
2013).  
Recent developments in imaging and post-processing techniques have significantly advanced 
the accuracy and sensitivity of spinal cord neuroimaging. For example the advent of a common 
anatomical spinal cord template (Fonov et al., 2014), probabilistic tracts (Fonov et al., 2014), 
and optimization of post-processing techniques (Mohammadi et al., 2012) have now opened 
the avenue for unbiased voxel-based morphometry (VBM) analysis (i.e. without an a priori 
hypothesis) of volumetric as well as microstructural changes  (Mohammadi et al., 2012; Fonov 
et al., 2014). This enables the spatial localization of cord pathology and the determination of 
its relation with clinical impairment (Naismith et al., 2013; Toosy et al., 2014).  
In this study, we took advantage of high-resolution anatomical volumetric MRI to assess gray 
and white matter atrophy (i.e. Multiple Echo Data Image Combination (MEDIC)) and diffusion 
tensor imaging (DTI) to assess changes to the microstructural tissue properties. We 
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hypothesized that chronic cord compression results in remote and spatially localized 
morphometric changes (i.e. atrophy) within cervical gray and white matter as well as tract-
specific changes above the level of stenosis in CSM patients and that the degree of remote 
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Material and methods 
Subjects and study design 
Twenty patients (six women) (Table 7) referred for a neurological evaluation due to CSM with 
a mean age of 52.0 ± 14.5 (SD) years and 18 gender-matched controls (six women) with a 
mean age of 44.4 ± 9.7 (SD) years were consecutively recruited for this study between July 
2012 and September 2014 in the outpatient clinic at the University Hospital Balgrist, 
Switzerland. The mean age between both groups was statistically not different (Mann-
Whitney U test: z=-1.61, p=0.1075). The participants fulfilled the following inclusion criteria: 
no other neurological or mental disorders affecting clinical outcome, age between 18 to 70 
years, no MRI contradictions, and no pregnancy. The study protocols were in accordance with 
the Declaration of Helsinki and were approved by the local Ethics Committee of Zurich, the 
‘Kantonale Ethikkommission Zurich’ (ref. number: EK-2012-0343). All participants provided 
written informed consent. 
Clinical examination 
All patients received a comprehensive clinical examination including the modified Japanese 
Orthopedic Association (mJOA) scale (Benzel et al., 1991) [max. 18 points], and additional 
outcome measures such as the ISNCSCI protocol for upper extremities (Kirshblum et al., 2011) 
for motor score (UEMS) (e.g. pyramidal dysfunction) [max. 50 points], light touch (UELT) (e.g. 
posterior column dysfunction) [max. 32 points], and pinprick (UEPP) (e.g. spinothalamic 
dysfunction) [max. 32 points], Spinal Cord Independence Measure (SCIM) [max. 100 points]) 
(Anderson et al., 2008), and the Graded Redefined Assessment of Strength, Sensibility and 
Prehension (GRASSP) protocol [max. 232 points] as ancillary outcome measure sensitive for 
upper extremities in CSM (Kalsi-Ryan, Singh, et al., 2013) (sub-item for strength [max. 100 
points], sensibility [max. 48 points], and prehension [max. 84 points]) (Kalsi-Ryan et al., 2012). 
Based on the mJOA, CSM severity was identified as mild (mJOA≥15), moderate (mJOA=12-14), 
or severe (mJOA<12) (Michael G Fehlings et al., 2013). 
Image acquisition 
All participants were scanned on a 3T Skyra MRI scanner (Siemens Healthcare, Erlangen, 
Germany) equipped with a 16-channel radio-frequency (RF) receive head and neck coil and RF 
body transmit coil. All participants wore an MRI-compatible stiff neck (Laerdal Medicals, 
Stavanger, Norway) to minimize motion artefacts and were carefully positioned by the 
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radiographers to acquire the data from the same position and to obtain high reproducibility 
between all participants. 
A 2D sagittal T2-weighted turbo spin-echo sequence was used for anatomical assessment of 
cervical spinal cord covering the levels of stenosis. Following parameters were applied to 
acquire 20 slices within 2 minutes and 2 seconds: slice thickness 2.5 mm with 10% inter-slice 
gap, field of view (FOV) of 220x220 mm2, matrix size of 384x384, time of repetition (TR) of 
3760 ms, time of echo (TE) of 87 ms, flip angle α=160°, and readout bandwidth of 260 Hz per 
pixel. 
A 3D high-resolution optimized T2*-weighted multi-echo sequence (multiple echo data image 
combination; MEDIC) (Schmid et al., 2005) was applied to acquire five high-resolution axial 3D 
volumes of the cervical cord above the stenosis at C2/C3 level. Each volume consisted of 
twenty partitions and was obtained with a resolution of 0.25x0.25x2.50 mm3 within 2 minutes  
and 8 seconds for each of the five volumes. Following parameters were applied: FOV of 
162x192 mm2, matrix size of 648x768, TR of 44 ms, TE of 19 ms, flip angle α=11°, and readout 
bandwidth of 260 Hz per pixel. 
The acquisition of DTI data used a cardiac-gated monopolar sequence (based on finger pulse 
oximetry) (Morelli et al., 2010) and the following parameters: 30 diffusion-weighted (DW) 
images (b = 500 s/mm2), six T2- weighted images without diffusion weighting (b = 0), 5 mm 
slice thickness, with 10% inter-slice gap, 10 slices perpendicularly oriented to the spine, 5/8 
Partial-Fourier Imaging in phase-encoding direction, phase oversampling 50%, and a cardiac 
trigger delay of 200 ms, 176 x 40 acquisition matrix, FOV of 133 x 30 mm2, 0.8 x 0.8 mm2 in-
plane resolutions, TE of 73 ms, and TR of 350 ms. The gated data were acquired in blocks of 
two slices per cardiac cycle. The minimal time between successive triggers was 1800 ms. 
Reduced field of view was achieved by outer-volume suppression (Morelli et al., 2010) using 
two spatial saturation pulses placed anterior and posterior to the spinal cord, along the phase-
encoding direction (Heidemann et al., 2009). To reduce fold-over artefacts due to insufficient 
outer volume suppression, the amplitude of the saturation pulse was adjusted for each subject 
individually. Each DTI dataset was acquired four times at the same C2/C3 position in the 
cervical spinal cord, resulting in 144 images for each subject. Altogether, this resulted in a total 
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acquisition time of about 6.2 minutes (as estimated by the sequence simulator), but could be 
longer depending on the participant's heart rate.  
Processing of sagittal T2-weighted data of cervical spine 
We used JIM 6.0 (Xynapse Systems, Aldwincle, UK) to calculate the maximum canal 
compromise (MCC) and maximum spinal cord compression (MSCC) using the midsagittal slice 
(Fehlings et al., 1999; Nouri et al., 2015). We calculated the signal change ratio from the region 
of hyperintensity or, if not applicable, from the level of greatest cord compression against an 
average reference on the spinal cord at C7/T1 and C2 using the ratio proposed by Nouri et al 
(Nouri et al., 2015). 
Processing of high-resolution structural data above the level of stenosis 
We used a symmetric diffeomorphic algorithm (Ashburner and Ridgway, 2013), that is 
embedded in SPM12 (Wellcome Trust Centre for Neuroimaging, University College London, 
London, UK), to register the five 3D MEDIC volumes in each subject in order to account for 
non-rigid body motion effects and create an average volume for a better signal to noise ratio 
(SNR). Jim 6.0 was then used to merge the adjacent partitions to get 10 contiguous slices (to 
increase SNR) and to semi-automatically segment the cross-sectional cervical cord area using 
an active-surface model after setting a marker in the center of the cord in 10 contiguous slices 
(Horsfield et al., 2010). The gray matter (GM) and posterior column (PC) were extracted 
manually in each slice. White matter (WM) was estimated by subtracting the GM from cervical 
cord area. The segmentation was performed by two independent investigators (PG and AT) 
and was reevaluated a second time with a gap of at least two weeks in between. Coefficient 
of variations (=standard deviation divided by mean) for cervical cord area, WM, GM, and PC 
were 0.6%, 1.9%, 6.9%, and 3.4% for inter-rater and 0.9%, 1.3%, 4.4%, and 1.4% for intra-rater 
variations, respectively.  
Pre-processing and estimation of DTI data 
The DTI data were interpolated to a higher in-plane resolution of 0.4 x 0.4 mm2. Then, the data 
were corrected for motion and eddy current artefacts using a novel constrained 3D-affine 
registration (Mohammadi, Tabelow, et al., 2015) that corrected for selected rigid-body subject 
motion and linear eddy current distortion parameters (details on linear eddy currents can be 
found in (Mohammadi et al., 2010)). We restricted the 3D-affine registration to correct only 
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for in-plane x- and y-translation (mainly caused by subject motion and eddy currents) as well 
as for in-plane scaling and in-plane shearing along the y-direction (both mainly caused by eddy 
currents). We did not correct for rotation and through-plane shearing effects, which were less 
pronounced and less robust to estimate. To correct for residual artefacts associated with 
subject motion and physiological noise (Mohammadi, Hutton, et al., 2013), we used robust 
fitting as implemented in the ACID toolbox (www.diffusiontools.com). Combining eddy 
current and motion correction with the robust tensor fitting approach has been shown to be 
particularly efficient to reduce intra-scan variability of DTI metrics (Mohammadi, Freund, et 
al., 2013).  
Post-processing and spatial normalization of DTI index maps 
First, the in-plane field-of-view was chopped to 24 x 24 mm2 for each DTI dataset to exclude 
non-spine tissue. Then, the following pathological relevant DTI index maps (Schmierer, 
Wheeler-Kingshott, et al., 2007; Freund, Wheeler-Kingshott, et al., 2012; Toosy et al., 2014) 
were calculated: fractional anisotropy (FA), radial diffusivity (RD), axial diffusivity (AD), and 
mean diffusivity (MD). These DTI index maps were spatial normalized into the space of the 
AMU white and gray matter probabilistic tracts embedded within the MNI–Poly–AMU 
template (Fonov et al., 2014) using the FA voxel-based statistics (FA-VBS) toolbox 
(Mohammadi et al., 2012) with refined spatial normalization parameters, which specifically 
accounted for the anatomy of the spinal cord, i.e. the degree of freedom of the spatial  
transformation was reduced along the head-feed direction. To use optimal and 
complementary contrast information, we used the MD and FA contrast to drive the spatial 
normalization. Then, we performed additional manual slice-by-slice registration (shift and 
scaling along the phase-encoding direction) to refine to accuracy of the registration. Finally, 
all DTI index maps were smoothed using a Gaussian kernel with 0.5x0.5x5 mm3 with full-width 
at half maximum (FWHM). 
Statistical analysis 
Stata 13 (StataCorp LP, Texas, USA) was used for statistical analysis of clinical and 
morphometric data. We used Mann-Whitney U tests to investigate age differences between 
patients and controls. We used ANCOVA with age as covariate of no interest to assess 
morphometric differences between patients and controls in cross-sectional cervical cord area, 
GM, WM, and PC. Linear regression models were used to determine associations between 
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bilateral clinical outcome measures for mJOA, UELT, UEPP, GRASSP sensibility, strength, and 
prehension, SCIM, MSCC, MCC, and signal change ratio and cross-sectional cervical cord area 
and between UELT and GRASSP sensibility and PC. Bilateral outcome measures were used 
because there is not landmark to separately segment left and right cross -sectional cervical 
cord measures separately. Age was included and treated as covariate of no interest to adjust 
for possible confounds of age in every statistical test. The level of significance was defined as 
α=0.050. 
SPM12 was used for voxel-based statistics of the different DTI indices. To this end, we 
investigated the averaged DTI indices across the cross-section of the cervical cord (C2/C3) and 
verified the tract-specific location using the white matter spinal cord atlas that is embedded 
in the Spinal Cord Toolbox (Cohen-Adad et al., 2014) for the posterior column (PC), lateral 
corticospinal tract (CST), and spinothalamic tracts. We used ANCOVA to investigate cross -
sectional differences in DTI indices (e.g. FA, AD, RD, and MD) between patients and controls 
and adjusted for age within the groups.  
Linear regression models were constructed for associations between unilateral clinical 
outcome measures for UELT, UEPP, GRASSP sensibility, strength, and prehension and DTI 
indices (except for mJOA, SCIM, MSCC, MCC, and signal change ratio as purely bilateral 
outcome measures). Age was included as a covariate of no interest in all linear regression 
models to adjust for possible confounds of age. All statistical parametric maps were initially 
thresholded with a cluster defining threshold of uncorrected p<0.01. Clusters surpassing a 
cluster threshold of p=0.05, corrected for family-wise error based on Gaussian Random Field 




Neurodegeneration and Reorganization in Spinal Cord Disorders   94 
Results 
Subjects 
In patients, impairment was assessed on the modified Japanese Orthopedic Association 
(mJOA) score which identified ten patients suffering from mild (mJOA≥15 [max. 18]), nine from 
moderate (mJOA=12-14) and one from severe (mJOA<12) CSM. The upper-extremity 
International Standards for Neurological Classification of SCI (ISNCSCI) scores were (mean ± 
SD) 27.70 ± 4.07 for light touch (UELT) [max. 32], 27.30 ± 3.77 for pinprick (UEPP) [max. 32], 
and 49.70 ± 0.57 for motor score (UEMS) [max. 50]. The spinal cord independence measure 
(SCIM) was 97.85 ± 4.04 [max. 100]. The total Graded Redefined Assessment of Strength, 
Sensibility and Prehension (GRASSP) score was 220.74 ± 12.32 [max. 232], and the sub-items 
were 95.16 ± 6.83 for strength [max. 100], 42.57 ± 6.50 for sensibility [max. 48], and 83.26 ± 
1.45 for prehension [max. 84]. Individual scores are shown in Table 7.  
Conventional MRI measures at site of stenosis 
The level of stenosis was at C5/C6 (n=13) for the majority of patients, twice at C3/4, once at 
C4/C5, three times at C6/7, and once at C7/C8. In patients, the maximum spinal cord 
compression (MSCC) was 17.33 ± 7.21% and maximum canal compromise (MCC) 37.36 ± 
8.58%. Nine patients showed a T2 signal hyperintensity with a signal change ratio of 1.58 ± 
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Morphometric changes in the cervical cord above the site of stenosis 
Volumetric as well as microstructural changes were observed in patients compared to controls  
above the level of stenosis at C2/C3. In patients, the cross-sectional cervical cord area was 
reduced by 12.8% (patients: 80.88 mm2, CI 75.59-86.17 mm2 vs. controls: 92.77 mm2, CI 88.88-
96.67 mm2, p=0.0032), GM area by 7.2% (patients: 17.80 mm2, CI 16.96-18.64 mm2 vs. 
controls: 19.18 mm2, CI 18.33-20.03 mm2, p=0.0429), WM area by 13.9% (patients: 63.08 
mm2, CI 58.42-67.75 mm2 vs. controls: 73.23 mm2, CI 69.88-76.57 mm2, p=0.0041) and PC area 
by 16.1% (patients: 18.86 mm2, CI 17.30-20.41 mm2 vs. controls: 22.49 mm2, CI 21.06-23.92 
mm2, p=0.0051) (Figure 13).  
Figure 13 Morphometric changes in cervical spinal cord above compression site at C2/C3. (A) Schematic 
i l lustration of segmented cross-sectional cervical areas of gray matter, white matter, and posterior columns 
remote to compression. Significant reductions are shown for cross -sectional cervical cord area of gray matter 
(B), white matter (C), and posterior columns (D) in patients compared to controls. (E) Correlation between 
ISNCSCI upper extremity l ight touch (UELT) score and cross -sectional area of the posterior columns (for 
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Voxel-based analysis of the cervical cord DTI revealed reductions in FA in the lateral CST (-
12.96%, patients: 0.57, CI 0.53-0.61 vs. controls: 0.66, CI 0.63-0.68; x:4.5, y:-20.5, z:8.0, z score 
3.30, cluster extent=144, p=0.014, FWE corrected) and PC (-11.99%, patients: 0.59, CI 0.55-
0.63 vs. controls: 0.67, CI 0.65-0.69;x:-2.0, y:-20.0, z:8.0, z score 4.08, cluster extent=174, 
p=0.006, FWE corrected) while AD (+14.72%, patients: 0.0019, CI 0.0019-0.0020 vs. controls  
0.0017, CI 0.0016-0.0017; x:-1.0, y:-18.5, z:41.0, z score 3.91, cluster extent=228, p=0.005, 
FWE corrected), RD (+28.47%, patients: 0.00073, CI 0.00064-0.00082 vs controls 0.00057, CI 
0.00053-0.00060; x:1.0, y:-18.0, z:14.0, z score=3.39, cluster extent=203, p=0.014, FWE 
corrected), and MD (+16.50%, patients: 0.00073, CI 0.00064-0.00082 vs. controls 0.00057, CI 
0.00053-0.00060; x:2.0, y:-19.5, z:41.0, z score 3.80, cluster extent=379, p=0.001, FWE 
corrected) were all increased in the PCs in patients when compared to controls (Figure 14, 
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Figure 14: Tract-specific changes in microstructure above stenosis in patients with CSM compared to healthy 
controls. (A) Sagittal FA template of all  subjects showing the cervical spinal cord at C2/C3 level and axial slices 
overlaid with regions of interest (lateral  corticospinal tracts (CST) in red, posterior columns (PC) in blue, and 
spinothalamic tracts in green) for labeling of the anatomical position of the findings. (B-F) Overlay of statistical 
parametric maps (p<0.01 uncorrected, shown for descriptive purposes , masked by the lateral CST and PC, 
respectively) revealing microstructural changes in patients compared to controls. In patients compared to 
controls, fractional anisotropy (FA) was reduced in the right lateral CST (B). In the PC, FA was reduced (C) and 
axial (D), radial (E), and mean diffusivity (F) increased. Color bars indicate t-values. Axial sl ices are shown and 
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Figure 15: Quantification of tract-specific changes in microstructure above stenosis. In patients compared to 
controls, fractional anisotropy (FA) was reduced in the lateral CST (A) and PC (B), while AD (C), RD (D), and MD 
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Clinical associations 
In patients, significant associations were seen between macro- and microstructural MRI 
readouts and impairment. In particular, reduced PC area was associated with lower ISNCSCI 
UELT scores (R2=0.3559, p=0.020) (Figure 13E). Furthermore, lower FA in the left PC was 
associated with lower left ISNCSCI UELT scores (x: 0.0, y:-18.5, z:19.0, z score 3.74, p=0.003, 
extent=198, FWE corrected) (Figure 16A). Lower FA in the left lateral CST was associated with 
lower SCIM score (x:-3.5, y:-21.5, z:-3.0, z score 3.68, p=0.020, extent=135, FWE corrected) 
(Figure 16B).  
 
Figure 16: Associations between tract-specific microstructural readouts and clinical outcome above stenosis in 
patients with CSM. (A-B) Overlay of statistical parametric maps (p<0.01 uncorrected, shown for descriptive 
purposes, masked by the lateral corticospinal tract (CST) and posterior columns (PC), respectively) revealing 
associations between DTI indices and clinical outcome (left panel) between cervical level C2 and C3 (see Figure 
14A for reference). Color bars indicate t-values. The right panels i l lustrate the corresponding regression models 
extracted from the peak-voxel within the significant cluster. Diffusivity parameters of the correlations are mean 
centered and adjusted for age. In particularly, (A) lower fractional anisotropy (FA) in left PC was associated with 
worse left ISNCSCI upper extremity l ight touch score (UELT) and (B) lower FA in the left lateral CST was associated 
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Discussion 
This study in patients with CSM shows, next to conventional MRI measures (e.g. MSCC, MCC, 
signal change ratio) (Nouri et al., 2015), for the first time remote and spatially localized 
morphological and microstructural changes of the spinal cord within the gray and white 
matter above the level of stenosis. In particular, there was gray and white matter atrophy, 
which was paralleled by tract-specific microstructural changes in major spinal pathways. 
Crucially, the degree of spinal cord pathology correlated with measures of clinical impairment 
of posterior column and pyramidal dysfunction. Thus, unbiased voxel-based analysis revealing 
spatially localized cord pathology provides complementary pathophysiological insights into 
rostral degenerative changes beyond the routine clinical work up (i.e. clinical examination, 
electrophysiology and radiology) of patients suffering from CSM.  
Volumetric MRI provides information on (macro-structural) general tissue loss (e.g. atrophy) 
whereas DTI provides information on fiber orientation and tissue structure and thus is 
sensitive to microstructural tissue properties. While decreased FA has been associated with 
both axonal count (Gouw et al., 2008) and myelin content (Schmierer, Wheeler-Kingshott, et 
al., 2007), increased RD and decreased AD have been associated with demyelination (Klawiter 
et al., 2011) and axonal degeneration (Zhang et al., 2009), respectively.  
This study found marked tissue loss (i.e. atrophy) of white and gray matter and tract-specific 
microstructural changes within major ascending and descending spinal pathways above the 
site of cord compression. The degree of atrophy above the site of stenosis was greater in the 
white matter (-13.9%) and less strong in gray matter (-7.2%). Changes in the spinal cord 
microvasculature (Karadimas et al., 2013) and distribution of blood flow (Kurokawa et al., 
2011; Karadimas et al., 2015), disruption of blood spinal cord barrier (Karadimas et al., 2013), 
and neuroinflammation (Yu et al., 2011; Karadimas et al., 2013) could make motoneurons  
above the compression site vulnerable to degeneration and apoptosis and be potential 
mechanisms for gray matter atrophy. 
Moreover, we found tract-specific decreased FA within the lateral CST and PC, and increased 
RD and MD in the PC as markers of axonal degeneration and demyelination (Schmierer, Tozer, 
et al., 2007; Gouw et al., 2008; Budde et al., 2009; Zhang et al., 2009; Cohen-Adad et al., 2011; 
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with other studies (Cui et al., 2014; Wen, Cui, Liu, et al., 2014; Zhou et al., 2015). We found 
AD to be increased within the PC and these results are consistent with regards to the change 
of AD as shown in previous studies of CSM (Cui et al., 2014; Rajasekaran et al., 2014; Wen, Cui, 
Mak, et al., 2014). This might be due to elevated fiber tract density due to compression and 
loss of surrounding structure, as reported at the lesion site in patients with CSM (Ellingson et 
al., 2015), but also caudal and rostral to the compression site (Yu et al., 2009), that manifests 
over time. AD has been shown to behave bi-directionally over time in patients with optic 
neuritis and in experimental spinal contusion studies  (Ellingson et al., 2008; Naismith et al., 
2009). In the latter AD decreased rapidly in rostrocaudal direction, but increased over time at 
the lesion site (Ellingson et al., 2008). Nevertheless, in our study we report that the difference 
between patients with CSM and healthy controls in RD is nearly double as high as in AD which 
is suggestive that demyelination rather than axonal degeneration is occurring above the level 
of stenosis. It would be interesting to investigate our reported findings in other spinal cord 
pathologies at the same cervical level. Our conjoint analysis of macro- as well as 
microstructural changes are of interest because they suggest that a combination of 
pathological processes at the microstructural level including long distance retro- as well as 
anterograde fiber degeneration (i.e. axonal loss, demyelination) and potentially inflammation  
(Karadimas et al., 2013) and to a lesser extent neuronal changes (i.e. apoptosis  (Yu et al., 2011; 
Karadimas et al., 2013) and anterior horn cell loss (Fehlings and Skaf, 1998; Karadimas et al., 
2015)) occur several segments above the level of stenosis.  
The magnitude of remote changes in terms of atrophy and microstructural changes resembles 
those observed in traumatic spinal cord injury (SCI) (Cohen-Adad et al., 2011; Freund et al., 
2011, 2013; Lundell et al., 2011; Freund, Wheeler-Kingshott, et al., 2012; Grabher et al., 2015). 
Although based on two very different underlying etiologies (abrupt onset in traumatic SCI, 
slowly developing symptoms in CSM), CSM and SCI clearly result in focal damage to the spinal 
cord with a combination of alpha-motoneuron damage (lesion of the central gray) as well as 
demyelination and axonal damage of long projecting spinal nerve fiber tracts (white matter 
damage) (Buss et al., 2005; Kalsi-Ryan, Karadimas, et al., 2013). Herein we provide converging 
evidence that both etiologies show remote cord pathology to a similar extent despite their 
striking difference in levels of disability. Given the marked degenerative changes above the 
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site of stenosis contributing to the frequently seen gait disturbance (Kalsi-Ryan, Karadimas, et 
al., 2013).  
Associations between clinical outcomes and cord pathology at the level of cord damage have 
been reported previously (Arvin et al., 2013; Ellingson et al., 2015; Nouri et al., 2015). Here 
we show that the structural changes above the site of stenosis carried within specific tracts 
are related to measures of functional independence (i.e. SCIM) within the lateral CST and 
sensory deficits (i.e. UELT) within the PC. The latter finding is striking as it suggests that greater 
structural perturbations, most probably corresponding to a combination of pathologic 
processes, contribute to sensory impairment. In contrast, despite signs of marked structural 
integrity changes of the lateral CST, most patients had normal or only mild pyramidal 
impairment. In other words, good clinical scores but marked structural changes may portend 
risk for a progressive functional decline.  
We note the following considerations and limitations of this study. Firstly, the average age 
difference between gender matched patients and healthy controls was 7.6 years though this 
difference was not statistically significant. In all models, we included age as a regressor of no 
interest to reduce effects of age on our results. Secondly, the segmentation of the cervical 
cord into gray matter and posterior columns was performed manually, but the inter-, and 
intra-rater coefficients of variation for the cervical cord were similar to those published  
(Yiannakas et al., 2012). Finally, VBM-style analysis of spinal cord DTI is in its infancy (Naismith 
et al., 2013; Fonov et al., 2014; Toosy et al., 2014) and as with the early days of exploring brain 
DTI, there are limitations associated with this method. For example, spatial mis-registration 
can lead to false positive or false negative results and thus reduce the reliability of this 
emerging post-processing method for spinal cord DTI (Mohammadi et al., 2012). To reduce 
these, we performed an additional registration step to reduce residual mis -registrations that 
were not sufficiently removed by our proposed automated processing method. In future work 
advanced spatial normalization methods such as Dartel (Ashburner, 2007) could, if adopted 
to the spinal cord, help to improve registration quality and thus further advance VBM-style of 
analysis of DTI in the spinal cord.  
Another important issue of spinal cord DTI is the fact that instrumental and physiological noise 
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spinal cord DTI metrics. To minimize artefacts, we applied sophisticated imaging and 
preprocessing methods. In particular, we reduced fold-over artefacts due to incomplete outer-
volume suppression using 50% phase oversampling and by adjusting the amplitude of the 
saturation pulse manually for each subject. To minimize physiological noise artefacts, all 
patients were equipped with a stiff neck to reduce motion in the z-direction during scanning 
(Yiannakas et al., 2012). Further, we used a pulse-triggered sequence and optimized pre-
processing techniques (Mohammadi, Hutton, et al., 2013) to mitigate the adverse effect of 
subject motion and other physiology-related artefacts (e.g. heart-beat or breathing). To assess 
the amount of variability due to residual artefacts, we tested the scan-rescan reliability of our 
data using a jackknife analysis as described in Mohammadi et al. (2013) (Mohammadi, Freund, 
et al., 2013)(data analyses not shown). We found that the intra-subject variability (averaged 
across subjects) was about Δ-FA = 0.02, which is 3% when compared to the reported averaged 
FA values in the spinal cord (0.02/0.66*100 = 3%). This is smaller than the reported inter-
subject variability of Δ-FA = 0.05 (reported in the Results section), which corresponds to 8% 
variability (0.05/0.66*100% = 8%). Thus, we expect that the scan-rescan variability will not 
strongly alter the reported effects observed between controls and patients. However, we 
cannot exclude that the reported high inter-subject variability might be due to the fact that 
data quality varies between subjects, e.g. variation in motion artefacts between subjects.  
To further improve the reproducibility of spinal cord DTI, optimizations at the level of the 
sequence (e.g. navigators that help discarding poor-quality scans as used in segmented EPI 
(Porter and Heidemann, 2009) and post-processing techniques (e.g. denoising) as used in 
brain DTI (Tabelow et al., 2015) should be considered.  
Conclusion 
Atrophy and tract-specific degeneration of the cervical cord can be detected by means of high-
resolution MRI and expands far beyond focal cord damage as assessed by conventional MRI 
(e.g. MCC, MSCC, and signal change ratio). Importantly, these remote tract-specific changes 
are related to the clinical presentation and may be applicable as surrogate markers to assess 
treatment effects (in surgical and drug based interventions) complimentary to clinical 
outcome measures. Thus, MRI findings above and potentially below the site of stenosis could 
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complement the routine clinical and electrophysiological assessment (Ulrich et al., 2013) in 
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The objective of this thesis was to assess the temporal pattern and spatial extent of above 
lesion neurodegeneration in the spinal cord (chapter 2 & 5), the brainstem (chapter 3), and 
brain (chapter 2) in spinal cord disorders. A further goal was to investigate the effects of virtual 
reality-augmented lower limb neurorehabilitation on the central nervous system (i.e. 
plasticity) next to functional improvements (chapter 4).  
Progressive diaschisis in spinal cord disorders 
Concept of diaschisis 
We were able to demonstrate progressive diaschisis far above the level of injury that was 
evident in the spinal cord, the brainstem, and the brain (chapter 2, 3, 4, & 5). The term 
‘diaschisis’ was introduced by Constantin von Monakow in 1914 and is defined as remote 
neurophysiological alterations that are caused by focal lesions (Carrera and Tononi, 2014). 
This concept was developed and used to describe symptoms that could not be fully explained 
by the focal lesion, but also served as an explanation for functional recovery. In spinal cord 
disorders, this concept enables us to better understand the disease and to find explanations 
for the clinical representation that may not be obviously linked to the lesion itself. Thus, it may 
help us to gain insights into the remote disease mechanisms (Felix et al., 2012; Freund et al., 
2013), the evolvement of long-term consequences such as neuropathic pain (Siddall and 
Loeser, 2001; Siddall et al., 2003; Wrigley, Press, et al., 2009; Gustin et al., 2010, 2012, 2014; 
Mole et al., 2014; Jutzeler et al., 2015, 2016), the effects of neurorehabilitation (Colombo et 
al., 2001b; Villiger et al., 2015), and help us to improve clinical trial designs (e.g. anti-Nogo-A) 
(Steeves et al., 2007; Tanadini et al., 2015). State-of-the-art computational neuroanatomy 
offers the great opportunity to investigate these dynamic effects of injury in-vivo along the 
whole neuroaxis (Weiskopf et al., 2015).  
Diaschisis in traumatic spinal cord injury 
In acute traumatic SCI, the sensory system showed progressive decline in volume and reduced 
myelin content one year after injury (chapter 2). The dynamic and spatial extent of 
neurodegeneration in the sensory system resembles those observed in the motor system 
(Freund et al., 2013). Both motor and sensory systems are thus susceptible to atrophy remote 
to the lesion due to retro- and anterograde degeneration. Atrophy is accompanied by 
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In chronic SCI, enduring trauma-induced neurodegenerative processes were observed in the 
brainstem (chapter 3 & 4) and brain (chapter 4). These macroscopic and ultra-structural 
changes were revealed in major brainstem pathways and nuclei across the brainstem, and 
within the cerebellum and primary motor cortex. Interestingly, myelin loss was found in 
parallel to measures of atrophy and beyond and therefore indicating the greater sensitivity of 
quantitative MRI readouts. Moreover, the extent of neurodegeneration was related to 
neurological and functional impairment and thus may complement clinical assessments. 
Sensory and motor impairment as measured by the International Standards for Neurological 
Classification of Spinal Cord Injury depends on the level and extent of the spinal lesion. The 
magnitude of degeneration and reorganization therefore is expected to be multidimensional 
and influenced by the lesion level and severity, both defining the clinical impairment, and time 
since injury (Fehlings and Tator, 1995; Cohen-Adad et al., 2011; Freund et al., 2011, 2013; 
Lundell et al., 2011; Yang et al., 2014; Grabher et al., 2015; Jutzeler et al., 2016).  
Diaschisis in cervical spondylotic myelopathy 
In cervical spondylotic myelopathy, above-stenosis degeneration in the spinal cord was 
evident by measures of morphology and microstructure (chapter 5). This is of great interest, 
as our findings demonstrate that CSM is not solely a focal spinal cord disorder, but also causes 
remote degenerative effects. Gray matter and white matter atrophy above the level of 
stenosis was paralleled by tract-specific microstructural changes. This is the result of different 
pathophysiological mechanisms including remodeling of microvasculature and dysfunction of 
blood spinal cord barrier (Karadimas et al., 2013), disturbance in blood distribution (Kurokawa 
et al., 2011; Karadimas et al., 2015), and inflammation (Yu et al., 2011; Karadimas et al., 2013) 
which are triggered by the chronic and progressive cord compression and the dynamic stress 
caused by repetitive spinal cord movement (Fehlings and Skaf, 1998; Kalsi-Ryan, Karadimas, 
et al., 2013; Toledano and Bartleson, 2013). It is likely that remodeling of microvasculature, 
ischemia, and inflammation, all spread over larger areas, cause impairment in remote spinal 
segments. Advanced imaging technology offers now the possibility to reveal above-stenosis 
neuronal degeneration remote to the compression site in CSM (Grabher et al., 2016). In our 
study, the integrity of the corticospinal tracts and posterior columns was reduced. 
Furthermore, the magnitude of spinal cord degeneration was related to impairment of 
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prominent in our patient cohort that showed only mild or no symptoms of motor impairment, 
thus these structural changes suggest a risk for future functional decline and may serve as 
sensitive marker for disease progression. 
Analogy of both spinal cord disorders 
Clinical representation of CSM can resemble those of traumatic SCI (Moore and Blumhardt, 
1997) with signs and symptoms of motor dysfunction with tetraparesis, sensory impairment, 
and autonomic dysfunction. Thus, the Graded Redefined Assessment of Strength, Sensibility 
and Prehension (i.e. GRASSP) tool, developed to profile arm and hand function in tetraplegia 
(Kalsi-Ryan et al., 2012, 2014), was suggested to complement clinical assessments in CSM 
(Kalsi-Ryan, Singh, et al., 2013). Cervical spondylotic myelopathy is also a risk factor for 
development of a traumatic central cord syndrome, a common form of cervical SCI (van 
Middendorp et al., 2010). The underlying pathophysiological mechanisms behind the clinical 
representation in both disorders include mechanical stress, ischemia, inflammation, and cell 
death and thus show some overlap; nevertheless the main discrepancy entails disease 
causation, onset and progression (Fehlings and Skaf, 1998; Kwon, 2004). Traumatic SCI is 
caused by an immediate damage to the spinal cord neuronal and nonneuronal tissue by 
disruption of nerve fiber tracts, hemorrhage, and necrosis , causing the primary lesion. These 
mechanisms of direct and immediate damage are absent in CSM, except in those patients 
which develop a traumatic central cord syndrome at the level of stenosis (van Middendorp et 
al., 2010). 
In our study cohort, most patients suffered from mild (n=10) and moderate (n=9) CSM, 
whereas only one patient showed a severe clinical representation. The patients suffered 
mainly from sensory impairment and pain. Interestingly, the magnitude of neurodegeneration 
above the stenosis at the vertebral level C2/C3 as revealed by macroscopic and 
microstructural MRI readouts resembled those seen in traumatic SCI. In our cohort of patients 
with CSM, cervical cord area was reduced by 12.8%. We unraveled the more specific patterns 
of atrophy in cervical cord segments by measuring atrophy within the GM (7.2%) and WM 
(13.9%). The greatest atrophy was observed within the posterior column (16.1%); the 
magnitude relating to more sensory impairment. Macroscopic decline went in parallel with 




Neurodegeneration and Reorganization in Spinal Cord Disorders   111 
corticospinal tracts (13%). In acute traumatic SCI, cord atrophy of around 6% was observed 
within the first year after injury (Freund et al., 2013). This structural decline is levelling off over 
time (Freund et al., 2015) and reveals cord atrophy of up to 30% in chronic SCI (>10 post-
injury) (Freund et al., 2011; Lundell et al., 2011; Jutzeler et al., 2016). However, the extent of 
GM and WM atrophy within the cervical cord in acute and chronic traumatic SCI remains 
unknown. At the ultra-structural level, we could show alterations in the cervical cord by 
reductions in myelin-sensitive MT (15%) and R1 (12%) one year after injury (Grabher et al., 
2015). Cohen-Adad and colleagues (2011) did show changes in microstructure in cervical cord 
WM in chronic SCI by reductions of around 16% in FA and changes in the ultra-structure by 
reductions in MTR of around 19%. In summary, there is converging evidence that both CSM 
and SCI show a similar extent of pathological changes above the site of lesion despi te their 
etiological differences.  
Despite the different etiologies of both disorders, the (late) clinical and remote macroscopic 
and microstructural consequences are comparable. The similarities in structural changes 
above the level of lesion site illustrate diaschisis of both spinal cord disorders and the 
vulnerability of the central nervous system. It is promising and needs to be emphasized that 
synergies can be generated by translation and knowledge transfer of neuroimaging protocols  
and methods that may provide sensitive biomarkers for diagnostic purposes or surrogate 
markers for treatment response, as well as available (e.g. riluzole) or future treatment 
possibilities. In a next step, these exciting possibilities will be elaborated in a multi-center 
study (INSPIRED trial, in preparation) using the same qMRI protocol and including patients 
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Reorganization and recovery 
Most clinical recovery occurs within the first year after traumatic SCI and can be enhanced by 
intensive neurorehabilitation (Curt et al., 2008). Rehabilitation may induce activity-dependent 
plasticity and promote cortical (Ghosh et al., 2010; Rosenzweig et al., 2010) and spinal 
reorganization (Bareyre et al., 2004; Courtine et al., 2008) as delineated by experimental 
animal models. Activity-based plasticity during neurorehabilitation can be boosted by VR-
augmented training that is a powerful tool by providing high amount of repetitions, immediate 
feedback of performance, and maintain high motivation to endure training (Holden, 2005). 
We provide evidence that volumetric brain changes relate to training-induced improvements  
in motor function after intensive VR-augmented lower limb training in chronic iSCI patients 
(chapter 4). Improvements during intensive neurorehabilitation are reflected by volumetric 
changes in the brain (i.e. plasticity), thus revealing that the training protocol was engaging the 
central nervous system and that improvements in motor function were not only the results of 
improving muscle function and coordination, but also of structural brain plasticity (i.e. 
reorganization). In summary, we conclude that performance improvement-related plasticity 
can be induced in the brain next to areas of atrophy and thus either revealing mechanisms of 
recovery from neurodegeneration or plasticity in the healthy neuronal networks . 
Interestingly, a recent study could demonstrate partial neurological recovery in chronic motor 
complete patients after intensive virtual-reality training protocols using brain-machine 
interfaces (Donati et al., 2016). Donati and colleagues (2016) hypothesized that the observed 
recovery is a direct results of both spinal and supraspinal plasticity. So far, this promising 
phenomenon was investigated in healthy subjects (Draganski et al., 2004; Boyke et al., 2008; 
Taubert et al., 2010), but only in few neurological disorders (Burciu et al., 2013; Sehm et al., 
2014). However, the underlying cellular mechanisms of training-induced macrostructural 
alterations, which are revealed by MRI, are not well established. Candidate mechanism 
include axonal sprouting, changes in axonal diameter and density, dendritic branching, 
synaptogenesis, changes in number and size of glial cells, myelin formation, angiogenesis, and 
neurogenesis (Zatorre et al., 2012). While macrostructural changes are rather unspecific, a 
future challenge is to determine to the underlying cellular mechanisms (Draganski and May, 
2008; Zatorre et al., 2012). This problem will be approached by further development of hMRI 
(Weiskopf et al., 2015) and by the application of these quantitative MRI readouts that are 
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Are neuroimaging biomarkers changing clinical trials in spinal cord disorders? 
In the last decade, MRI-based neuroanatomical measures of atrophy (Draganski et al., 2006; 
Jurkiewicz et al., 2006) and plasticity (Maguire et al., 2000; Gaser and Schlaug, 2003a; 
Draganski et al., 2004) investigated volumetric changes within the central nervous system that 
are rather insensitive and unspecific to the underlying cellular mechanisms (Draganski and 
May, 2008). Recent advances in quantitative MRI and biophysical modelling facilitate the 
transition from purely structural to more meaningful measures of underlying cellular 
mechanisms of neurodegeneration and -plasticity (Weiskopf et al., 2015).  
Advanced neuroimaging has therefore the potential to expand our knowledge in 
understanding neurological disorders and to improve translation from bench to bedside (Filli 
and Schwab, 2015). Integrative frameworks (i.e. embodied neurology) are possible avenues 
that aim to better understand neurologic disorders and to minimize impairment and maximize 
outcome in patients as proposed by Freund and colleagues (Freund et al., 2016). The three 
pillars in this framework include preclinical research, quantitative readouts with an emphasis 
on neuroimaging, and biophysical models. Nevertheless, quantitative readouts are not 
exclusive to neuroimaging and may additionally include ancillary quantitative outcome 
measures such as electrophysiology (Ulrich et al., 2013) and activity measurements (Popp et 
al., 2016). The challenges of clinical translation from bench to bedside can further be 
addressed by application of advanced MRI technology that directs to improvements in 
preclinical research and patient stratification in clinical trial designs, and may serve as 
outcome measures that are sensitive to detect even subclinical changes.  
In our studies, we used myelin- and iron-sensitive quantitative readouts to assess trauma-
induced demyelination and iron accumulation (Rooney et al., 2007; Langkammer et al., 2010; 
Stüber et al., 2014; Callaghan et al., 2015; Harkins et al., 2015). These quantitative readouts 
demonstrated myelin loss in areas of atrophy and beyond and are thus more sensitive to 
pathophysiological processes. Therefore, quantitative readouts of myelin and iron allow the 
investigation of the underlying ultra-structure and are more relevant to pathology than 
macroscopic measures of atrophy. They provide targetable biomarkers for clinical trials (e.g. 
anti-Nogo-A) (Steeves et al., 2007) and enable to assess subclinical changes when used as 
surrogate markers of treatment effects (Katz, 2004). In addition, quantitative readouts may 
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stratification. The combination of both advanced imaging techniques and clinical assessments 
seem to be a very promising approach to overcome some of the obstacles in translational 
research. Furthermore, quantitative imaging biomarkers can be used for in-vivo measurement 
of myelin in preclinical research (Turati et al., 2015) and thus enables more efficient study 
designs by in-vivo longitudinal assessments and by reducing the total number of animals .  
In conclusion, the application of surrogate markers has high potentials  and is encouraged by 
the FDA, but the pitfalls need also to be considered (Katz, 2004). Surrogate markers have the 
capability to enhance translation from preclinical to clinical research, improve clinical trials 
efficacy and thus offer the potential to facilitate development and approval of effective 
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Limitations and considerations 
Specificity of computational neuroanatomy  
Computational anatomy can be divided into computational morphometry that reveals volume 
changes (i.e. atrophy) and quantitative MRI that reveals changes in the underlying 
microstructure (i.e. axonal integrity, demyelination, iron accumulation). Nevertheless, all 
these markers measure indirect effects and are related to underlying tissue properties and 
microstructure, but are not specific to one component only. Computational morphometry is 
sensitive to disease-specific changes in the central nervous system and thus raises the 
opportunity to reveal remote structural alterations (like diaschisis). However, morphometric 
changes are not specific to one single biological process. Volumetric contraction (i.e. atrophy) 
in the central nervous system can be seen as the sum of different pathophysiological 
mechanisms including cell atrophy, neuronal and glial cell loss, and demyelination that may 
all contribute to some extent. The interpretation of these measures becomes even more 
complex during inflammation, as local swelling may interfere with measures of atrophy and 
conceal the effective extent of atrophy. Quantitative MRI techniques , sensitive to micro- and 
ultra-structure that parallel morphometric changes, help us to disentangle the underlying 
substrate of atrophy (e.g. axonal degeneration, demyelination, iron accumulation, and water 
deposition). Postmortem validation studies have shown the correspondence between 
magnetization transfer based measures and myelin content and axonal density (Mottershead 
et al., 2003; Schmierer et al., 2004; Turati et al., 2015) and between iron content and R2* 
(Langkammer et al., 2010; Stüber et al., 2014). Multiple factors contribute to R1, including 
water and iron content, but the contribution from macromolecular content dominates  
(Rooney et al., 2007; Stüber et al., 2014; Callaghan et al., 2015; Harkins et al., 2015). DTI 
provides information about fiber orientation and tissue microstructure. FA is related to axonal 
count (Gouw et al., 2008) and myelin content (Schmierer, Wheeler-Kingshott, et al., 2007), 
whereas RD and AD are related to demyelination (Klawiter et al., 2011) and axonal 
degeneration (Zhang et al., 2009), respectively.  
Variability of morphometric and microstructural readouts 
Inter-subject variability is partly due to normal neuroanatomical differences between subjects 
and may be influenced by factors such as age, gender, and head size. Therefore, these 
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many factors increase variability in patients that trigger disease-related pathophysiological 
processes (e.g. diaschisis). In spinal cord disorders, these factors may include lesion level, 
severity, and time since injury. The level and extent of injury determines the total amount of  
damaged nerve fibers and it was related to the cross-sectional cord area (Lundell et al., 2011; 
Jutzeler et al., 2016). However, the relationship was not found in the studies of this thesis and 
may be concealed by the relatively small sample size and the time needed for these effects to 
become prominent. It becomes even more challenging as these factors may not depend 
linearly on the observed diaschisis (e.g. neurodegeneration is levelling off). Nevertheless, 
clinical impairment that is related with lesion level and extent of damage is associated with 
measures of atrophy and myelin loss. Using longitudinal cohort studies that are more sensitive 
to detect small neuroanatomical changes compared to cross-sectional study designs 
(Ashburner and Ridgway, 2013) and larger sample size may elaborate the interaction of factors 
in greater detail. Intra-subject variability may be due to acquisition and measurement 
variability and can be evaluated by measures of repeatability (i.e. measurement within the 
exactly same set-up) and reproducibility (i.e. measurement in a real-world setting). These are 
important issues that need to be properly addressed to specify the robustness of the readout 
and assess the viability as quantitative imaging biomarker (Raunig et al., 2015). Measures of 
robustness were not specifically addressed in this thesis due to clinical feasibility, but 
quantitative MRI protocols showed to be robust in terms of repeatability (Deoni et al., 2008) 
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Concluding remarks 
Atrophy and micro- and ultra-structural decline expand to remote spinal and supraspinal 
levels far beyond local cord damage and can be detected by means of advanced high-
resolution MRI. Crucially, these remote changes were related to clinical presentation and may 
thus be applicable as surrogate markers (1) to complement clinical assessments, (2) to assess 
subclinical treatment effects in clinical trials (e.g. drug treatment, surgery, rehabilitation) and 
to identify early treatment responses in clinics, and (3) to guide early interventional decision 
making (e.g. surgery in asymptomatic  CSM). Therefore, quantitative imaging surrogate 
markers may complement clinical assessments and improve clinical trial efficiency.  
In conclusion, multimodal imaging approaches will help us to better disentangle specific 
pathophysiological processes and increase the applicability, sensitivity, and specificity of MRI 
biomarkers. The information from multimodal imaging may be incorporated and used in 
integrative frameworks of structure and function that aim to better understand neurological 
disorders and to minimize the impairment and maximize the recovery in patients (Freund et 
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Future directions 
Towards in-vivo histology 
Recent advances in imaging technology including g-ratio mapping (Mohammadi, Carey, et al., 
2015) and neurite orientation dispersion and density imaging (NODDI) (Zhang et al., 2012) are 
pushing the field forward into the direction of in-vivo histology (Weiskopf et al., 2015). They 
open the avenue for promising research, aiming to characterize disease-specific mechanisms 
at the micro- and ultra-structural level, and to develop sensitive quantitative neuroimaging 
biomarkers.  
Integrative frameworks  
The complex mechanisms of diaschisis may be further investigated in SCI using graph theory 
to assess structural and functional networks of motor and sensory systems. Graph theory 
offers the opportunity to study the spreading of structural and functional decline from the 
lesion site into more remote areas (Bullmore et al., 2009). Incorporating multimodal 
information of supraspinal, spinal, and peripheral regions and including advanced functional 
and structural MRI, electrophysiology, activity measures, and clinical representation into 
integrative networks will boost our understanding of spinal cord disorders and improve the 
patient’s outcome (Freund et al., 2016). Thus, it allows us to get further insights into 
pathology, disentangle the order, extent, and temporal pattern of remote effects, and may 
reveal mechanisms causing clinical impairment that may not be explained by the lesion itself. 
Longitudinal assessment of above-stenosis degeneration in CSM 
The evolution of the spatial and temporal pattern of structural decline above the level of 
stenosis remains unknown in CSM. A prospective longitudinal study in asymptomatic and mild 
patients with cervical stenosis would provide more detailed insights into the pathology and 
evolution of macroscopic and microstructural decline. This would support the development 
of MRI-based surrogate markers and offer the opportunity to improve treatment guidelines 
and decision making for surgical interventions. In asymptomatic and mild CSM patients, 
surgical interventions are controversially discussed. There is a need to do surgery as early as 
possible when disease progression is expected to be severe, whereas conservative treatment 
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Comprehensive training study 
Our longitudinal pilot study of intensive lower limb training showed promising improvements  
in clinical and functional outcome that was related to brainstem and brain plasticity. This study 
revealed that the training paradigm was sufficient enough to engage the central nervous  
system and that gained improvements were not solely achieved due to compensatory 
strategies. These highly interesting and promising results were decisive to develop a 
comprehensive training study that aims to investigate training-induced neuroplasticity in SCI. 
Upper- and lower extremity training will be performed in SCI and healthy controls. The training 
paradigm (Figure 17) is intensive (four 30-minute sessions per week over one month) and 
ensures a high repetition rate of targeted movement patterns. To further increase training 
effects, the task is challenging (difficulty levels adapted to personal capabilities), provides on-
line feedback on performance, and is rich in sensory stimuli (i.e. auditory, visual, haptic). Thus, 
the training ensures high engagement during all training session and fulfils the relevant key 
concepts of motor learning (i.e. repetition, feedback, motivation) (Holden, 2005). Advanced 
qMRI will assess neuroplasticity at the macroscopic and ultra-structural level and probe the 
relationship to training-induced performance improvements. Thus, some of the limitations 
from previous training studies (i.e. volumetric changes that are rather unspecific) (Maguire et 
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Figure 17: Comprehensive training study in patients with SCI and healthy controls. (A) Dance pad for lower extremities. (B)
Customized input device for upper extremities. (C) Open -source dance game with auditory and visual s timuli and online 
feedback. (D) Lower limb training. (E) Upper l imb training. (F) Training paradigm with 16 tra ining sessions and 5 assessments
and MRI scans. 
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